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COMPUTER ANALYSIS SLOPE STABILITY 


SYNOPSIS 


computer program has been written that can solve great variety 
slope stability problems. possible analyze slope with any surface 
configuration, with one two soil strata any pattern, and with without 
water table, pore pressures, increasing cohesion with depth, tension cracks, 
rigid base loads anywhere the surface. Given these properties slope, 
the computer will automatically search out the minimum factor safety, solv- 
ing the entire problem from one three minutes. 


STATEMENT THE PROBLEM 


If, soil mass, the shear strength the soil shear failure 
will occur along some failure surface. present day (1960) practice, this 
failure surface commonly assumed be, cross section, arc cir- 
cle. There are infinite number possible failure arcs, each with differ- 
ent center point, radius and factor safety. However, the stability the slope 
governed the minimum factor safety. For most problems, unfortu- 
nately, impossible know advance which all these different failure 
arcs has the minimum safety factor. Therefore, the factors safety must 
found for enough different center points and radii establish After 
this, conclusion can reached which combination point and radius 


Note.—Discussion open until November 1960. extend the closingdate one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Soil Mechanics and Foundations Division, Proceedings 
the American Society Civil Engineers, Vol. 86, No. June, 1960. 

Ensign, Civ. Engr. Corps, Navy, Instr., Marine Engrg. Dept., Naval 
Academy, Annapolis, Md., formerly Graduate Student, Univ. Urbana, 
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gives the minimum factor safety, and what value that minimum fail- 
ure condition occurs when the minimum factor safety less than unity. 


INTRODUCTION 


Undoubtedly, due its repetitive nature, one the most tiresome tasks 
that may confront the soils engineer complete slope stability analysis. 
numerous charts existence which can used solve ideal cases. 
However, know all too well, nature rarely provides this ideal condition, 
the problem usually being complicated two more distinct soils, water 
table, and forth. then falls upon the engineer through the long proc- 
investigating different points and different radii until finds that com- 
bination which has the minimum factor safety. 

However, the same repetitive characteristic which makes the problem 
ideal one for presentation digital computer. This idea has also oc- 
curred other people,2,3 both this country and abroad, and they have writ- 
ten programs for their own computers. details these works have been 
published yet, but the hope the author that the program and methods 
described here represent advancement this field. 

The program, written for the University computer, gen- 
eral nature and prepared almost any practical problem presented 
it. 

The master program, which punched code paper read into 
the computer and stored memory. consists the 2000 more in- 
structions that tell the machine how solve the problem. Another tape, the 
parameter tape, then required tell the computer which problem sup- 
posed do. This tape, few inches which are alocated for each problem, 
contains all the data that the computer needs (soil strength, location water 
table, surface configuration, and The computer reads the datafor the 
first problem off this tape, spends minute two solving it, punches the 
answers another tape and immediately reads the data for the next problem, 
and solves it. proceeds until all the problems contained the parameter 
tape have been solved. 

Although certainly helps so, the user need know nothing about the 
program howit works. need only fill out form, such shown the 
Appendix, and get that information put tape. 

The first section this paper presents the theory and the equations used 
compute the factor safety. The second section gives outline the me- 
chanics the program itself. 

Details the Computer.—The Iliac, built the University 
automatic electronic digital computer. has high speed memory 
1,024 locations and slower drum memory 12,800 locations. The 
operates speeds several hundred times those the so-called‘medium sized’ 
computers. more complete description this computer and several photo- 
graphs can seen elsewhere.4 

Possible Adaption the Program other Computers.—Since those using 
other computers may wish program this problem for their own machines, 


“Electronic Computer used for Embankment Stability Analysis,” Little, 
London, March, 1958. 

Solution the Swedish Slip Circle Method,” Hansen and 
LeClerc, Highway Research Abstracts, December, 1957. 


“Some Applications Digital Computer Structural Research,” Velet- 
sos, May, 1958. 
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word should said possibility. The entire program requires space 
for approximately 2,000 orders instructions plus 400 memory locations for 
numbers, that is, constants, data, temporary storage, and forth. This fact, 
together with the slower speed many computers, may make the program im- 
possible unfeasable for some machines. However, since the provisions for 
each variable (especially water table and stratification) take both time and 


space, the elimination these two should serveto shrink the program down 
the size most computers. 


FEATURES THE PROGRAM 


Before detailed description the program given, might best 
give rough outline what can done the program. Many the features 
could summed into the statement that the program could analyzea slope, 


Soil Il 


FIG, 1.—SLOPE THAT COULD ANALYZED COMPUTER 


such shown Fig. However, for clarification, the main points will 
given separately: 


The surface and strata division lines are defined the coordinates 
and points, respectively. Both lines are specified the user—that 
is, typical slope not built into the program. 

Arigid base specified the coordinates two points which are used 
calculate maximum radius for each point investigated. One point, that 
used compute minimum radius, specified. 

water table can placed anywhere the soil mass. However, 
must horizontal and the same level both inside and outside the soil. 

uniform distributed loads may placed anywhere the 
surface. 

Allvalues cohesion and friction angle for both soil han- 
dled, except that cohesion must less than 1,000,000 units and 
must less than 45. 

The cohesion may vary with depth any c/p ratio. 

pore pressure coefficient (B) can specified. 

Any consistant system units may assigned the parameters- 
pounds and feet, tons and yards. That is, the coordinates the surface are 
expressed meters, then the unit weight must weight per cubic meter, 
cohesion weight per square meter. 
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Once the main program read into the computer, ready solve 
any number problems successively. 

10. The computer will automatically find, for each center failure circle 
investigated, that radius which has the minimum factor safety, and then, 
using searching technique which investigates different center points, will 
find that point which has the minimum factor safety. The point from which 
the computer starts its trial and error search specified externally that 


good guess the location the critical point will speed the search 
process. 


MATHEMATICAL FORMULATION 


The assumptions are follows: 


All forces acting the sides the slices are equilibrium. 

The failure surface the arc circle. 

soil system, both soils have the same unit weight. 

The factor safety the ratioof the resisting moment the overturn- 
ing moment. 

The resisting moment due only the shear strength the soil. 

The overturning moment due the weight the entire soil mass. 

Loads acting the surface are downward into the soil 
with lateral effects. 

The shear strength the soil, can expressed 


Calling the resisting moment and the overturning moment can see 
from Fig. 


and since the normal stress equal cos2 
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FIG, RESISTING AND OVERTURNING MOMENTS 


The overturning moment can easily seen 


Most this derivation can credited Janbu.5 Additional variables can 
sited: 


Increasing cohesion (Fig. 3)—For any point onthe failure circle 


yo) 
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“Stability Analysis Slopes with Dimensionless Parameters,” Janbu, Har- 
vard University Soil Mechanics Series, Cambridge, 1952. 
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Cohesion 


Depth 


FIG, 3.—COHESION INCREASING WITH DEPTH 


(c/p) Therefore, the term Eq. 4.... will become 


R21 


are willing accept the seventh assumption the 
previous listing, the problem greatly simplified and the following can said 


(7) 
which replaces the surcharge equivalent height soil. 


The effect surcharges the pore pressure will considered the fol- 
lowing section. 


Water Table and Pore Pressures--a) water table; The pore water 


pressure any point the soil mass can expressed some precentage 
the vertical pressure: 


or, using Skemptons terminology: 


During the construction period, one the critical cases for man-made em- 
bankments, will dealing with Aincrements load, that 


Only the resisting moment will affected these pore pressures, and 


consequently the term Eq. ..... tan will become, sub- 


With water table; can see, the effects water table would 
evidenced two areas. First, the pore pressures would decrease the shear 
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strength and the resisting moment. Second, the unit weight the soil would 
lowered the bouyant unit weight, thereby effecting the overturning moment. 

(1) Effect pore pressures.—From Fig. for which h+h' see 
that the pore pressure any point below the water table 


(2) Effect bouyancy—The manner which the computer program treats 
this best illustrated Fig. 


4.—EFFECT PORE PRESSURE 


computer program this the easiest way treat the problem 
machine instructions required dothis are also needed compute the resist- 
ing and overturning moments. With few changes, the same instructions can 
made both jobs, thereby conserving space the machine. more 
complete description how this done given the second section this 
paper, under Routine 


M, (combined) M, (soil) Moz (water) 


FIG, 5.—EFFECT BOUYANCY 


Unfortunately, was mentioned earlier, the water table must both hori- 
zontal and the same level within and without the soil mass. Although these 
specifications preclude the use the program many practical programs, 
there reason why the equations could not further generalized handle 
water table any configuration. more sophisticated computer program 
can then written, incorporating these improvements. 


Rigid rigid base will specify for each center point radius 
which must not exceeded. The maximum radius for any point would the 
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perpendicular distance between that point and the rigid base. the center 


radius also the center the coordinate system this distance can shown 


which and are the coordinates point the rigid base and the 
slope that rigid base. 


Tension soil that contains tension cracks generally 
assumed have weight but strength, could either replaced 
equivalent uniform loador, the case this program, could represented 
distinct soil strata whose shear strength zero. 


Gathering all the terms introduced with the additional variables leaves the 


equations 


the final term which introduced only for points below water table, and 


the final term which shown Fig. 


THE GENERAL RESISTING AND OVERTURNING MOMENT EQUATIONS 


order make Eqs. and perfectly general, they should put 
form which can integrated over each “constant surface slope” portion the 
soil mass. 


From the simple geometrical relationships, shown Fig. for which, 
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COMPUTER ANALYSIS 


see that can now express everything function substitute 
Eqs. and into Eqs. and13. The resulting equations will present 
means computing the resisting and overturning moments for each segment 
the entire slope. When this has been done for every section the resisting 
and overturning moments are added and divided find the factor safety. 

Integrating the combination Eqs. 12, 13, and obtain first ex- 
pression for the partial resisting moment any segment with constant sur- 
face slope. The equation for the resisting moment for one section 


+ 


for which the final term only for section below water table and which 


sin R sin R 
The equation for the partial overturning moment 


Therefore, were analyzing slope such the one shown Fig. 
would evaluate Eqs. and for each section. That is, evaluate them from 

toc,ctod, ..., with the computer automatically changing 

suitable parameters whenever the soil changes. 


Center of failure circle 
1 Center of coordinates 


FIG, 6.—GEOMETRICAL RELATIONSHIPS FOR RESISTING 
AND OVERTURNING MOMENTS 


METHOD COMPUTATION 


computer program any size is, necessity, composed several 
groups instructions, each group doing some special job, and each group 
forming one the basic building blocks the program. All these blocks, 
routines, they are usually called, are then tied together the control, 
master, routine which causes all the others function desired. This sec- 
tion will briefly describe these routines give some idea how the pro- 
gram operates. 

Factor Safety for Given Point and Radius.—This the main building 
block the program and actually made several smaller blocks. This 
routine, called Routine started with all the parameters 
must told the master routine what point and radius investigate. 
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COMPUTER ANALYSIS 
The sequence operation follows: 


The original coordinates the surface, water table and strata division 
line are transformed that they are newcoordinate system—one 
the origin the center the failure circle. This called the transformed 
list. 

Using the transformed list, the computer finds the intersections the 
failure circle with each straight line portion the surface. then decides 
which two actually fall the surface and uses these two form new list 
coordinates. For example, Fig. first the intersections the failure cir- 
cle and line a-b are found, but since neither one lies the surface they are 
both discarded. The process then repeated for line b-c. Inthis case, inter- 
section does lie the surface, made the first point inthe integration 


n 


Soil II 


FIG. SLOPE 


list. This goes until second intersection the surface found (in this 
case j). Upon completion this routine the computer will have stored the 
memory Integration List which would consist 


Note that the integration list reality three lists—x and coordinates and 
loads. 


val 
f 
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Step now repeated using first the water table coordinates forma 
list which, for Fig. would appear 


and next the strata division line form similar list: 


The intersection points the circle which some change takes place 
(in this case and are noted, and their coordinates are placed their 


proper relative positions the integration list, forming new list called the 
final integration list. 


Ym' 


The bouyant water table list ignored here since dealt with another 
routine. 


The computer then decides whether the failure circle the first section 
(i-m) 
above below the water table. 


Suitable provisions are then made depending the answers these questions. 
Fig. section i-m soil and below the water table. 

Taking into account what has been decided step the computer eval- 
uates Eqs. and find the partial resisting and overturning moments for 
the first section, i-m'. 

state than the last one. Fig. since section soil II, change 
made that will cause the computer use soil when evaluates the resisting 
moment for section Steps and are repeated for each section 
c-d, d-e, and e-j) until the partial resisting and overturning moments have 
been computed for all the sections. 

Step repeated several more times, now using the unit weight water 
instead soil and integrating over list (2), the water table list. this manner 
computed. 

All the partial resisting and overturning moments are now added up, the 
total resisting moment divided the total overturning moment and the fac- 
tor safety for that particular failure circle has been found. 
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For slope complicated the one shown Fig. this entire process 
would take about 0.6 sec. 

Since the entire problem slope stability consists merely finding the 
factor safety for enough points establish trend, simple matter 
write control routine which does just this. The first such routine, which uses 
Routine several times, will called Routine 

Minimum Factor Safety for Given Point.—This routine investigates dif- 
ferent radii for given point and decides which one has the minimum factor 
safety. Using the coordinates the rigid base the machine computes maxi- 
mum radius and, similarly, uses another point compute minimum radius. 
The computer then finds the factor safety for the maximum radius and for 
several other radii evenly spaced between the maximum and minimum. The 
lowest all these factors safety noted, thereby completing the analysis 
that point. The computer investigates from different radii for any 
one point before decides which radii has the minimum factor safety. The 
time required this ranges from sec. 

can seen that Routine the control routine for Routine since 
tells what radii investigate. However, there must another control 
routine the program—one that tells the point supposed investigate. 
This new routine called 

Find the Point which has the Minimum Factor Safety.—One obvious way 
finding the point with the minimum factor safety would investigate 
many points square gridwork pattern, say every ft, and then decide 
which was the critical point. However, much more rapid and proper method 
can devised using the so-called contour lines factor safety. Since these 
contours define sort bowl valley with the minimum factor safety 
the bottom, needed that will investigate series points, con- 
stantly moving “downhill” until the bottom reached. 

The system used this program illustrated Fig. The computer 
starts out from the point specified the user, point After investigating 
point and finding that has higher factor safety than the machine 
would then the other direction, trying first point which lower than 
and next point which higher than Since the point either side 
higher, the computer decides that the lowest that row. Returning 
point the process would repeated, this time moving the direction and 
investigating points This cycle continues until the computer findsa 
point that surrounded all four sides higher points. This would point 
then substituted for and the search continued until second point 
found which surrounded higher points. The computer decides that this 
point has the minimum factor safety and the problem solved. 

This method very simple and requires little space the computer but, 
can seen the example Fig. does not work too well due two 
properties the contour lines. First, the valley long and narrow and sec- 
ond, the axis the valley inclined about 45° from the Since 
the points investigated are system, this technique rarely gets the 
bottom the valley, but instead gets hung one end did the exam- 
ple. However, third property the contours somewhat negates this fault. 
This the fact that the sides the valley are quite steep and the bottom 
very flat. Even the location the absolute bottom never reached very 
good minimum factor safety found. has been found that, the floor 
the valley, points apart have factors safety differing only 0.05. 
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8.—FINDING THE POINT THAT HAS THE MINIMUM FACTOR SAFETY 
Critical center 
(200 ft, 417 ft) 
Critical radius= 436.74 
100 200 
Scale, in feet 


Rigid base 


FIG, 9.—SLOPE FOR SAMPLE SOLUTION 
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much more efficient technique would one which the points investi- 
gated lay along lines parallel and perpendicular the axis the valley. 


APPENDIX 


sample problem will solved show just what goes into the computer 
and what comes out. The example largely self-explanatory but few words 
might said the make-up the parameter list. 


Every number must preceded sign. 


Since all numbers must appear fractions, the parameters must 
scaled that they obey these requirements: 


all linear dimensions are divided 1,000. 

the unit weights are divided 1,000. 

the cohesion divided 1,000,000. 

loads are divided 1,000. 

parameters already fractional form are left is. 


Decimal points not appear but are understood immediately follow 
the sign. 

The symbol indicates the end set. 

Since space limits the amount detail which can placed the work- 
sheet, Fig 10, the symbols and terms used are defined here: the initial, 
coarse spacing the points investigated (see Fig. 8); the final point spacing 


(see Fig. 8); the cohesion; tan tangent the friction angle; the unit 
weight the soil; pore pressure coefficient (B), £the c/p ratio; unit 
weight water; W.T.HT. water table height coordinate top water 
table); coordinate the level which the cohesion given the 
worksheet (used only when the soil has some c/p ratio) See Fig. 


The slope analyzed shown Fig. First, using the soil parame- 
ters, 800 psi, tan and 145 psf for Soil 350 psi, 


tan and 145 psf for and the coordinates the points 


marked circles, such shown Fig. would filled out. 
Then, using teletypewriter, this data would punched paper tape, exact- 
shown Fig. 11. After the main program tape and the parameter tape 
had been read into the machine, and the problem solved, the computer auto- 
matically prints out another one containing all the information shown 
Fig. 12. can coordinates all the points are reprinted (the 
last point indicated the water tableand strata division line lists not exist 
but are meaningful only the computer). The last line gives the factor 
safety 1.89986 with the critical center point 200.00 ft, 417.00 
andthe radius ft. The resisting this circle 
ft-lbs while the overturning moment 885,237,083 ft-lbs. The accuracy dis- 
played is, course, practically useless. However, for the assumptions made, 
the answers are exact. was mentioned before, the computer would, this 
case, analyze approximately one-hundred failure circles before coming the 
above conclusions and spend between two and three minutes the process. 
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FUNDAMENTAL ASPECTS THIXOTROPY SOILS 


SYNOPSIS 


Thixotropic phenomena are described and previous investigations the be- 
havior thixotropic systems are summarized. The complex nature the 
phenomena pointed well the fact that thixotropy quite general 
occurrence fine-grained materials 

hypothesis for thixotropic behavior based initial nonequilibrium in- 
terparticle forces after remolding compaction, and the effects this non- 
equilibrium subsequent structure changes within the soil, offered one 
possible explanation the phenomenon. Experimental results are presented 
which are consistent with the hypothesis. 

Some the practical aspects thixotropy are pointed out, and sug- 
gested that thixotropic strength increases warrant consideration design, 
provided they are accurately evaluated. 


INTRODUCTION 


The term “thixotropy” was introduced 1927 Peterfi (1)2 and used 
Freundlich (2) describe the well-known phenomenon isothermal, re- 
versible gel-sol transformation colloidal suspensions. Burgers and 

molding, followed time-dependent return the original harder state.” 


Note.—Discussion open until November 1960. extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Soil Mechanics and Foundations Division, Proceedings 
the American Society Civil Engineers, Vol. 86, No. June, 1960. 

Asst. Prof. Civ. Engrg. and Asst. Research Engr., Inst. Transp. and Traffic 
Engrg., Univ. California, Berkeley, Calif. 

Numerals parentheses, thus (1), refer corresponding items the Bibliography. 
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Thixotropic effects remolded natural clays have been studied 
Moretto (4) and Skempton and Northey These investigations 
were aimed determining the extent which thixotropic hardening could con- 
tribute the sensitivity clays. Seed and Chan (6) have shown 
that compacted clays may also exhibit appreciable thixotropic strength gain 
with time. These studies along with study Boswell (7) and con- 
clusions reached Kruyt (8) suggest that thixotropy may general 
occurrence the majority clay-water systems. 

Since thixotropic effects can result strength increases 100% 
more after remolding, even compacted soils, and thus could signifi- 
cance from engineering standpoint, useful examine the phenomenon 
some detail. knowledge the factors responsible for thixotropic strength 
increase shouldaidin further understanding soil structure strength 
behavior. 

the present time thixotropy implies slightly different things different 
investigators. For example, the soil engineer, thixotropy signifies strength 
increase with time after remolding compaction. concerned with water 
contents generally less than the liquid limit and times measured weeks, 
months, even years. the other hand the colloid chemist rheologist 
thixotropy immediately brings mind dilute suspensions and gel setting times 
minutes, hours, or, most, few days. fact has been suggested that 
the term thixotropy should not applied the phenomena time-dependent 
strength gain soils and term such “age used. however, 
thixotropy defined isothermal, reversible, time-dependent process oc- 
curring under conditions constant composition and volume whereby mate- 
rial stiffens while rest and softens liquifies upon remolding, then the dif- 
ference between thixotropy fine-grained soils water contents less than the 
liquid limit (concentrated suspensions) and dilute suspensions may consid- 
ered one degree rather than fundamental behavior. The properties 
purely thixotropic material are illustrated Fig. 

the following two sections, literature that sheds some light the funda- 
mentals thixotropy reviewed. Next, hypothesis for the cause thixo- 


tropic behavior Finally, experimental datum offered which 
consistent with the hypothesis. 


THIXOTROPY DILUTE SUSPENSIONS 


Although dilute suspensions bear little resemblance clay soils terms 
physical properties, not unreasonable suppose that some the inter- 
particle force principles aggregation and dispersion 
same more concentrated clay-water systems. Freundlich(2) was among 
the first present detailed treatise the subject thixotropy. pointed 
out that thixotropic behavior undoubtedly depends the balance forces act- 
ing between particles. The great influence electrolyte concentration the 
system noted, with increase electrolyte content leading decrease 
setting time for thixotropic gel. 

tendency for particles the same substance adhere upon contact may 
important thixotropy All particles finely divided matter exhibit 
unbalance forces their surface. These unsatisfied forces can satis- 
fied either contact with particles the same substance adsorption 
ions from the adjacent phase. possible that particles suspension, 
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FIG, 1.—PROPERTIES PURELY THIXOTROPIC MATERIAL. 
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FIG, 2.—ENERGY-DISTANCE CURVES FOR DILUTE SUSPENSIONS 
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result their thermal motion, may brought into such positions that they 
adhere, causing solidification the suspension. 

Freundlich also concluded that thixotropy cannot explained without ac- 
knowledging the effects far-reaching forces attraction. The explanation 
thixotropy the basis attraction-repulsion force balance has received 
wide support other investigators, such Marshall(9), Verwey 
and Overbeek (10), and Lambe (11). This concept illustrated 
Fig. where the ordinates the curves represent the energy (positive re- 
pulsion and negative attraction) necessary bring the particles from in- 
finite spacing any given spacing along the abscissa. Curve represents 
stable suspension which exhibits neither flocculation nor thixotropy because 
the energy barrier preventing close approach particles. Curve repre- 
sents condition where particles will spontaneously agglomerate and settle 
out. The energy minimum indicated curve represents the par- 
ticles thixotropic gel. Any movement (such caused shaking shear- 
ing strains) which tends change the particle spacing causes increase 
energy repulsion leading more fluid condition. 

Curves the form those Fig are usually derived the assumption 
parallel plate-shaped particles charged only their surface. Lambe(12), 
Mitchell (13), Van Olphen (14), Schofield and Samson (15), 
and Theissen (16), among others have shown, however, that clay parti- 
cles deviate quite appreciably from the assumptions which the curves are 
derived. objection the situation illustrated Fig. arises from con- 
sideration particle orientation thixotropic systems. According Van 
state are linked ina random array, forming somewhat rigid structure. 
Fig. assumes particles sitting some distance other parallel 
array. 

Marshall (9) and Van Olphen (14) present evidence that many times there 
exist two separate zones thixotropic behavior for the same material. was 
noted from studies the behavior suspensions constant concentration, 
but increasing electrolyte content, that reversible hardening—liquifaction ef- 
fects occurred first the very low salt contents. Slightly higher salt contents 
led stable dispersions. Further increase salt content resulted the re- 
appearance thixotropic characteristics. These two regions observed 
thixotropic behavior correspond zones “non-salt” and “salt” flocculation 
described Lambe (12) and Van Olphen (14). 

non-salt flocculation particles presumably associate edge-to-face 
array,as result attractions between negative surfaces and positive edges. 
Particle associations salt-flocculated systems are combination face- 
to-face, edge-to-edge and edge-to-face arrangements, that result when the de- 
pression double layers due increased electrolyte content sufficiently 
great that repulsive forces are longer able prevent flocculation. Recent 
light-scattering studies Mac Ewen and Pratt (18) have shown, 
the other hand, that for very dilute suspensions bentonite, the basic 
structural unit linear aggregate one lattice layer thick, which particles 
are oriented edge-to-edge the form flat ribbons. Noevidence edge- 
to-face face-to-face association was found. Additional studies Mac Ewen 
and led the conclusion that these structures form zones po- 
tential minima. When the bentonite dispersed water the particles are 
flocculated with edges close contact; whereas, the presence alkali the 
particles are associated minimum such indicated the energy trough 
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for curve Fig. this case the edges are separated bya potential bar- 
rier preventing close approach, but there indicationof parallel face-to- 
face arrangement. Regardless the type particle association there seems 
ample evidence that thixotropic behavior associated with tendency for par- 
ticles flocculate, long they are free choose their positions. 

Roeder (20) studied the rheological behavior thixotropic systems 
and suggested that thixotropy systems unstable partly 
unstable particles. system may then visualized which the particles 
have sufficient repulsion forces resist immediate aggregation but will fall 
victims such tendencies the course time. 

Kruyt (8) points out that thixotropy occurs preferentially, although perhaps 
not exclusively, systems with elongated particles, such clays. The phe- 
nomena may explained certain slowness gel formation, based ei- 
ther the analogue slow flocculation the rarenessof particle encounters 
due slow thermal motion the particles. There may also exit cases where 
particles are held long-range forces. Kruyt alsonoted that thixotropic sus- 
pensions bentonite have been observed wherein the particles come rest 
although there material contact between them. the other hand sus- 
pension graphite mineral oil nonconducting when fluid but conducting 


after gelation, indicating that particles this system must contact and 
form continuous network. 


THIXOTROPY CONCENTRATED SUSPENSIONS 


Moretto (4), Skempton and Northey (5), Berger and Gnaedinger (21), 
and Seed and Chan (6) all present data which vividly illustrate the increase 
strength clay soils resulting from aging constant water content. ap- 
parent from the work these investigators that this hardening can im- 
portance great variety soils water contents concern the engi- 
neer (plastic limit liquid limit). Seed and Chan (6) also showed that the 
hardening effect was completely reversible for compacted silty clay. Thus 
the age-hardening phenomena apparently has the characteristics thixotropy 
previously defined. However the mechanism thixotropic hardening has 
not been explained. Fig. summarizes the strength gain data obtained 
the above named investigators. 

The thixotropic strength ratio, that is, the strength time divided the 
strength time equals suggested Seed rather than ab- 
solute strength increase used measure thixotropic effects inorder 
permit comparisons between soils different composition, between sam- 
ples the same soil different water contents. these cases the absolute 
strength increase might misleading. For example with remolded 
after certain time, thus having thixotropic strength ratio 1.1. second 
sample might have initial strength 0.1 increaseto 0.2 
per the same time. The thixotropic strength this case would 
2.0. felt that for material double its strength (even though its in- 
itial strength low) more significant terms thixotropic effects than 
for sample increase its strength 10%, even though the actual strength 
increase for the two materials the same. 

Fig. reveals several points interest. With the exception 
kaolin all the soils showed significant strength increase with time aging. 
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However, tests the University California have shown that even kaolinite 
may made very thixotropic the addition dispersing agent order 
reduce the degree flocculation present the natural material. There ap- 


pears from Fig. unique relationship between thixotropic strength 
ratio and time. 


Thixotropic Strength Ratio. 


Time days 


(a) Thixotropic strength gain water contents equal the liquid limit. 


( Dete from AW. Skempton & R_D. Northey } 


Liquid | Plastic 
Soil VICKSBURG SILTY CLAY 
Vicksburg Silty Clay Woter content= 19.5% 


PITTSBURG SANDY CLAY 
Woter content 


Thixotropic Strength Ratio 


FRIANT- KERN CLAY 
content 22% 
Degree 
Time days 


water contents approximately equal the plastic limit. 


FIG, 3.—SUMMARY THIXOTROPIC STRENGTH GAIN 


The curves Fig. for the samples tested water contents near the 
plastic limit show that thixotropy can significant low water contents. 
other cases may negligible shown Leonards (22), who found 
thixotropic tendencies two compacted soils. The role water content 
determining thixotropic behavior will considered more detail subsequently. 

Available data all indicate that the lower the strain the more pronounced 
the thixotropic effect. This effect isindicated Fig. from Seed and Chan (6) 
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which shows the thixotropic strength ratio after week function water 
content for compacted silty clay. Optimum water content for the compaction 
procedure used was 17.5%. From Fig. seen that the thixotropic effect 
small for samples dry optimum and the effect the same for all strains. 
the other hand, for samples prepared wet optimum the thixotropy very 
pronounced, particularly low strains. These samples were prepared 
kneading compaction. believed that flocculated structure induced dry 
optimum which changes gradually dispersed structure wet optimum 
this method compaction. (See Seed and Chan (23) and for 
complete discussion the types structure induced compacted soils 
various methods compactionand the effect these structures properties. 


Water Content percent 


FIG, 4.—THIXOTROPIC STRENGTH RATIOS FOR DIFFERENT 
VALUES AXIAL STRAIN, 


The term flocculated structure refers toa structure which clay particles 
are arranged more less random array and where interparticle forces 
were predominantly attractive the time the soil was compacted. The term 
dispersed structure refers structure which clay particles are arranged 
more less parallel array and where interparticle forces were predom- 
inantly repulsive the time the compacted.) The possibility therefore 
exists that thixotropy depends some extent initial structure well 
initial water content. The decrease thixotropic effect high strains 
expencted since shearing tends remold the soil. 

Data obtained Berger and Gnaedinger (21) indicate that aging may lead 
increase stiffness without any consequent increase ultimate strength. 
thus becomes apparent that thixotropic effects must referenced some 


strain 


criterion measurement, such asa particular strain, order evaluate 
their true significance. 

The influence thixotropic effects clay compressibility not apparent 
from study available literature. would seem reasonable that the 
strength soil increases with time after remolding then might alsounder- 
less volume change, least under small pressures, during consolidation 
than thixotropic stiffening took place, because strength and resistance 
compression both depend some way the strength interparticle bonds. 

Berger and Gnaedinger (21) performed consolidation tests plastic clay 
and noted significant differences compression curves for samples tested 
and months after remolding. the other hand, Newland and 
Allely (24) found that sensitivity was developed highly plastic clay 
during consolidation under given load. After thorough remolding the con- 
solidated clay and reapplication the same consolidation pressure, further 
decrease void ratio was observed. possible that thixotropy was re- 
sponsible for this behavior. 

Boswell(7) made the thixotropy great number sed- 
imentary deposits. All the materials examined, with the exception clean 
sands,exhibited thixotropic characteristics. Boswell noted further that many 
the soils were rheopectic; that is, gentle motion accelerated the rate 
thixotropic hardening. many the soils high void ratio syneresis was 
also noted; the gels begin tosplit open along irregular cracks with liberation 
This phenomenoncan attributed toa contraction the solid phase 
structure, due possibly the formation more and more interparticle at- 
tractive bonds with time. 

Trollope and Chan (25) hypothesize that thixotropic strength gain 
compacted soils due tochanges disposition the colloidal particles with- 
the soil mass, since according their hypothesis soil structure, any 
variation the strength the colloidal matrix constant stress environ- 
ment occur the mean effective distance between particles changed. 
These changes, suggested, are accomplished through the redistribution 
internal stresses. Internal stress redistributions occur because unlikely 
that the most stable colloidal structure will immediately-established 
where compaction. 

Perhaps the most significant datum available thus far relating the funda- 
mentals that reported Day (26). The effect shear 
the forces cohesion between clay particles was studied through measure- 
ments the intensity the water adsorptive forces. measure these 
forces was obtained determination the soil moisture tension (negative 
pore pressure) using simple tensiometer. Saturated clay samples water 
contents near the liquid limit were allowed come equilibrium with the 
tensiometer; the suction was noted and then the sample was stirred with 
motor driven mixer. Changes tension with time after stirring were noted. 
Fig. which summarizes some Day’s results, indicates that tension falls 
minimum value after stirring and then gradually returns nearly the in- 
itial value, which point the process could repeated. Although strength 
values were obtained during these tests, was noted that the “stirring action 
produced decrease viscosity and that the gel slowly returned its original 
viscous state the tension was restored.” Fig. shows that the phenomenon 
decreased increased pore pressure) occurred variety dif- 
ferent clay therefore appears quite general occurrence. 
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The fact that aging thixotropic material leads increased water tension 
(decreased pore pressure) aids the fundamental understanding the phe- 
nomena. expected that increase tension, and thus increase 
effective pressure, would lead increase strength. the basic 
cause this increase tension that interest. According Baver (27) 
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FIG, 5.—THE EFFECT SHEAR PORE WATER TENSION FOR VARIOUS CLAYS. 


the tension the soil water function four factors (assuming the soil 
not subjected external forces). 


The total hydrostatic head the water; 
The capillary potential due air-water interfaces; 


Osmotic pressure differences arising from ionic distributions the 
double layers between particles; and 


Adsorptive forces due the attraction water molecules particle 
surfaces. 
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saturated clays conducted under identical conditions the first two 
factors are constant, thus time and shear dependent changes the osmotic 
swelling pressure and water adsorptive forces particle surfaces become 
interest. Although the adsorptive forces the surfaces the clay particles 
may constant regardless whether not the material rest 
undergoing stirring, the structural arrangement the water molecules re- 
sponse tothese conceivably differ. This would reflected through 
the tension values measured. Any changes particle orientation would involve 
changes the amounts double layer interaction between particles which 
turn would reflected through the observed tensions. 

That the tension negative pore pressure increases with time after stir- 
ring great importance since constant volume the tension direct 
measure the free energy the water. increase tension (decrease 
pore pressure) associated with decrease free energy and decrease 
tension (increase pore pressure) associated with increase free en- 
ergy. Thus, direct evidence available indicate that the free energy the 
system decreases with time, which means that spontaneous reactions are 
curring and the system seeking equilibrium. 

Finally, actual chemical change, for example, time-dependent formation 
cementation bonds between particles, must considered possible cause 
thixotropic behavior. oxides, carbonates, organic matter, and amor- 
phous silica and alumina are known exist most soils. 
Allof these materials could bond particles together. Remolding compacting 
soil could destroy these bonds. Whether not these bonds would reform 
with time not known. The observed reversibility thixotropic systems ar- 
gues against the formation additional cementing materials, particularly 
soils which have been equilibrium with the same water for long periods 
time dilute suspensions which gel almost instantaneously after shaking. 
not meant imply however, that chemical changes cannot take place dur- 
have presented data show the partial conversion hydrogen montmorillo- 
noids the aluminum form several days when stored both moist and dry 
normal temperatures. Martin (29) found that lithium kaolinite converts 
aluminum kaolinite aging for period 100 days water. 

Thus may reasonable conclude that chemical changes may occur 
thixotropic systems strength gain tendencies. There may also 
thixotropic systems which chemical changes are negligible. should 
pointed out, however, that according the definition thixotropy presented 
the beginning this paper the process occurs under conditions constant 
composition. Therefore any effects due changes the type found Mathers, 
al., and Martin would not, strictly speaking, thixotropic. 


HYPOTHESIS FOR THE CAUSE THIXOTROPIC BEHAVIOR 


The following hypothesis offered one possible explanation thixotropic 
effects soils. The hypothesis based the assumption that the internal 
energy and stress conditions thixotropic soil immediately after remolding 
are not equilibrium conditions. This assumption appears reasonable since, 
equilibrium conditions existed, there would changes properties with 
time. But properties change, and Day’s results (26) show that the material 
undergoes energy decrease, which compatible with spontaneous changes. 
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This hypothesis intended toapply those soils which thixotropy pri- 
marilya structural effect; that is, property changes with time result from 
changes such factors particle arrangement, adsorbed water structure and 
distribution ions the fluid phase. Any chemical effects must considered 
addition the mechanism outlined the following paragraphs. 

The structure assumed given soil direct response its compo- 
sition (including pore fluid type and amount) and the environmental conditions 
the time formation, plus changes structure arising during its history. 
Such factors electrolyte content and type, temperature, pH, and subsequent 
pressures are determinant for sedimented soils. the case compacted 
soils the method compaction extremely important. Lambe (12) and Seed 
and Chan (23) have shown the important role structure determining com- 
pacted soil properties. Seed and Chan have alsoconvincingly demonstrated the 
important influence method compaction indetermining soil structure (23). 
Furthermore, has been suggested (12) and effectively shown (23) that the ef- 
fect shear strain soil disperse, that is, toforce more less 
parallel arrangement particles the shear zone. 

Most soils have been found havea balance interparticle forces leading, 
equilibrium, structure somewhere between complete dispersion and 
complete flocculation. That is, few soils have been encountered that cannot 
either further dispersed further aggregated appropriate mechanical 
chemical treatment. The ease with which such structure change may ac- 
complished, course, varies widely for different soils, and different water 
contents for the same soil. That given soil exhibits different thixotropic 
properties different water contents has been previously pointed out. 

Based these observations, may postulated that soil will exhibit 
thixotropic behavior the following conditions are met: 


The net interparticle force balance such that the soil will flocculate 
given change. 

The flocculation tendency not strong enough, however, that cannot 
overcome mechanical action, that is, shearing stirring the soil. 


The mechanism may thus visualized follows. When thixotropic soil 
remolded compacted part the externally applied shearing energy 
utilized dispersing the platy clay particles uniform, parallel arrange- 
ment; that is, the externally applied energy assists the repulsive forces be- 
tween particles resulting from double layer interaction producing dis- 
persed system. The energy interaction between particles level com- 
censurate with the externally applied forces, and the adsorbed water layers 
and ions are distributed accordance with this high energy level. The net re- 
sult structure similar that shown schematically Fig. Such 
structure compatible with the conditions during the shearing process. 

However, soon shearing ceases the externally applied energy part 
which had been assisting the normal interparticle repulsive forces increat- 
ing disperse structure) dropsto zero. Thusthe net repulsive force decreases; 
or, stated another way, the attractive forces now exceed the repulsive forces 
for the particular arrangement particles and distribution water. Asa 
consequence the structure attempts adjust itself new, lower energy con- 
dition. The energy dissipation may accompanied changes particle ar- 
rangements, adsorbed water structure and distribution ions. Since struc- 
tural changes this type are dependent actual physical movement parti- 
cles, water andions, they are time-dependent. These internal structural changes 
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are, turn, reflected the physical behavior the soil (such increasing 
strength). 

Curves depicting energy attraction, energy repulsion, and total energy 
interaction between particles for the condition rest and during remolding 
are shown Fig. Although these curves cannot constructed quanti- 
tative basis, they are useful qualitatively for the purpose indicating the en- 
ergy status within thixotropic soil. Fig. 7(a) are shown curves for double 
layer energy repulsion and energy attraction. addition line shown 
indicating additional energy repulsion introduced the externally applied 
shearing strains. This energy shown increasing with decreasing particle 
spacing because felt that the smaller the particle spacing the greater the 
percentage the externally applied energy required initiate particle move- 
ment. large particle spacings greater percentage the applied energy 
simply converted kinetic energy particle motion. The curve for net ener- 
interaction humped, indicating energy barrier preventing close ap- 
proachor particles. Thus weak, dispersed structure formed. 
When the external strains cease applied, however, Fig. 7(b), the energy 
repulsion decreased leading total energy interaction shown. The 
energy barrier preventing flocculation removed. 

The system may visualized having excess internal energy for 
the new conditions. spontaneous dissipation this energy occurs. Since, 
the case where attraction exceeds repulsion, minimum energy demands that 
particles flocculate, the particles will attempt so. this happen, 
however, local redistributions ions the double layer andof the double lay- 
water itself are required. Concurrently with these processes slightly al- 
tered adsorbed water structure will form. Since these processes require 
dispalcement particles and movement ions and water they are not in- 
stantaneous. viscous flow water involved which requires time. Thus 
the excess energy dissipation not instantaneous, but occurs over protracted 
periods. result, property changes continue occur for appreciable peri- 
ods. schematic diagram the structure some intermediate time after 
remolding shown Fig. 6(b) the final structure shown Fig. 6(c). The 
time required for the achievement equilibrium with the initial dif- 
ference between the “as-molded” structure and the equilibrium structure and 
the mobility the particles which related such factors water content, 
particle size distribution, particle shape, the ease displacement adsorbed 
water molecules, and the magnitude effective stress during aging. 

Since the process occurs constant volume the particle movements during 
thixotropic hardening are probably small and rotational nature. differ- 
ence few Angstroms spacing between points of. closest particle approach 
could have pronounced effect strength, however, since interparticle at- 
tractions vary negative power the spacing and only small decreases 
spacings points closest particle approach could lead large increases 
strength. 

Changes structure the adsorbed water itself could significant con- 
tributor thixotropic effects. That the free energy the water diminished 
with time after remolding clearly shown the tension measurements 
Day (26) and additional data presented subsequently. Whether this energy de- 
crease caused actual change the arrangement water molecules 
adjacent the clay surfaces response the removal the remolding en- 
ergy, whether reflects the changes particle arrangement and spacing 
not known. Quite possibly reflects both factors. 
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summary, thixotropic behavior the natural response soil structure 
change ambient conditions. Whena soil remolded compacted 
structure induced which compatible with the externally applied shearing 
stresses. When shearing stops the soilis left with excess internal energy 
which dissipated means small particle movements and water redistri- 
bution until structure equilibrium with the rest forces created. Ob- 
served behavior thixotropic soils considered the light this hypothesis 
the following sections. 


EXPERIMENTAL RESULTS 


Reversibility.—It well known that the sol-gel transformation dilute 
thixotropic suspensions completely reversible. Whenever shaking stir- 
ring the suspension ceases the material gels; when stirring againcommences 
liquifies. Since the definition thixotropy proposed states that the phe- 
nomenon completely reversible, desirable consider the extent re- 
versibility water contents non practical interest the engineer. The 
results reversibility study silty clay soil from Vicksburg, Miss. (LL 
39%, 25%) are shown Fig. The aged strength this compacted 
silty clay soil after days storage indicated the figure and varied from 
1.1 1.8 times the original as-molded strength, depending the water con- 
tent and the strain which the strength was measured. Values stress re- 
quired tocause given amount strain functionof molding water content 
for samples tested immediately after compaction and for samples aged days, 
remolded, recompacted, and tested are shown. The data for the as-compacted 
and the remolded aged samples show significant variation. may con- 
cluded, therefore, that the stiffening process was reversible. Additional evi- 
dence complete reversibility indicated later section connection 
with the effect temperature thixotropy. 

The Effect Initial Structure the Thixotropic Behavior Compacted 
thixotropic effects are caused dispersion-flocculation phenomena, 
then would expected that the relationship the structure soil im- 
mediately after compaction the structure that would exist all particles 
were free choose their own positions would influence the magnitude thix- 
otropic property changes. the case where interparticle forces are such that 
particles are strongly flocculated and remain flocculated spite applied ex- 
ternal strains then initially flocculated structure will result. Negligible 
thixotropic effects would expected since the initial structure one equi- 
librium. Similarly interparticle forces are such that dispersion the 
equilibrium condition then applied, external strains will have little additional 
effect and the soil should show negligible thixotropic behavior. However, 
the interparticle forces dictate flocculation, but weak flocculation, and the 
strains induced during compaction are able disperse the structure, then, 
with time after compaction, the structure will seek equilibrium through re- 
flocculation. this case thixotropic effects should pronounced. 

Vicksburg silty clay which shows structure changes func- 
tion water content was investigated. This material when compacted dry 
optimum exhibits flocculated structure, regardless the method compac- 
tion used, shown Seed and Chan (23). water contents greater than op- 
timum the structure may dispersed means large shear strain induc- 
ing method compaction (such kneading) but remains flocculated for non- 
shear strain inducing methods compaction (such static). considerably 
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higher water contents this material itsown Wet mechani- 
cal analyses this soil gave identical results with and without dispersing 
gent. thus seems likely that low water contents the material strongly 
flocculated due double layer water deficiency; condition described 
Lambe (12). high water contents the material disperses its own accord 
from high double layer repulsions. intermediate water contents the struc- 
ture may made through the shear strains. would 
therefore expected that thixotropic effects this soil would negligible 
low and high water contentsand pass through maximum some intermediate 
water content. 

Samples were prepared kneading compaction over the range water 
contents from 14% 35%. Optimum water content for this material about 
17.7% for the compactive effort used. Curves indicating the deviator stress 
required cause 1%, 2-1/2%, and 10% strain triaxial compression tests 
(quick tests with 1.0 per cm) function molding water content 
are shown Fig. for samples tested immediately after compaction and for 
samples tested after days. Compaction data for these samples are 
shown Fig. 9(e). may noted from Fig. that for all strains the curves 
for both the aged and non-aged samples are essentially parallel water 
content about 22%, which stage they begin diverge. From 22% about 
29% water content the strengthof the aged samples decreases slower rate 
with increasing water content than does the strength the non-aged samples. 
water contents above 29% the strength the aged samples decreases 
faster rate with increasing water content thandoes the strength the non-aged 
samples. 34% water, which was the practical upper limit water content 
for triaxial testing, the strengths both types samples are approximately 
the same. apparent that aging had the greatest effect strength the 
range water contents 22% 29%. also evident from Fig. that the 
aging effect was greatest when measured low strains. 

The thixotropic effect illustrated more graphically Fig. which was 
prepared from the data Fig. Here, the thixotropic strength ratio (that is, 
the ratio the strength the aged sample tothe strength the non-aged 
sample for the particular strain under consideration) plotted function 
water content. The effect strain also readily apparent. These results 
are consistent with the concepts previously presented: strong flocculation 
low water contents, dispersion high water contents and weak state floc- 
culation susceptible dispersion shear intermediate water contents. 
decrease thixotropic effect with increasing strain during shear ex- 
pected since the strains progressively destroy the thixotropic structure that 
has formed aging. 

These data also clarify the role water content thixotropic behavior. 
Water content appears primary importance determining the status 
interparticle forces. soil can made pass from state floccu- 
lation dispersion water content increased then thixotropic effects will 
noted. Thixotropic effects have been found increase with increasing wa- 
ter content most past investigations probably because either sufficiently 
high water content was not studied permit partial dispersion under shear 
strain the soil remained flocculated regardless the water content used. 
However, results reported Skempton and Northey (5) indicate that for five 
different claysaged 100 days three showan increase inthixotropy with increas- 
ing water content over the range studied; whereas two pass through maxi- 


mum near the liquid limit and then drop off for further water content 
increase. 
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Illustration the effect structure thixotropy dilute clay suspensions 
afforded data reported Van Olphen (14). Measurements were made 
3.22% weight suspension pure sodium Wyoming bentonite. Both the 
yield stress the gels after period rest and the viscosity the suspen- 
sions during shear were measured function added sodium chloride. 
measure the thixotropic effect may obtained dividing the gel yield 
stress the viscosity. This provides type thixotropic strength ratio. 
Fig. shows the variation this ratio function added NaCl. may 
seen that with salt addition the ratio high, falling very low value 
NaCl per and thenincreasing again rapidly for further addition 
salt. Van Olphen was led, the results these and other measurements, 
the conclusion that the very low salt concentrations non-salt flocculation 
was caused Coulombic attraction between negative particle surfaces and 
positive edges. Ata salt content NaCl per the suspension was dis- 
persed and did not gel standing. With further addition sodium chloride 
salt type flocculation sets which differs from the non-salt flocculation 
that gel times are slower and particles are associated face-to-face and 
edge-to-edge associations well edge-to-face. (In Van Olphen’s view the 
non-salt flocculated gels are not thixotropic since they set immediately after 
stirring. Herein, however, they are considered thixotropic since, according 
the definition given the first part the paper, restriction has been put 
the time required.) 

The importance this work the present discussion lies the fact that 
only the suspensions tend flocculate are they thixotropic. the suspen- 
sion remains stably dispersed thixotropic behavior absent. Thus have 
further evidence thixotropic behavior being caused tendency towards 
flocculation which over balanced the dispersing effects external forces 
when the material sheared. 

The following quotation from Van further aids the understand- 
ing time effects during thixotropic hardening: 


“the thixotropic increase the modulus elasticity gel with time 
consequence the increase the number links with time after 
these links have been broken previous shear. The phenomenon 
analogous slow coagulation.” 


Effect Method Compaction Thixotropic Behavior.—Since has been 
shown Seed and Chan (23) that method compaction can have pronounced 
influence the properties soils compacted wet optimum, for 
soils susceptible structure change during shear, would expected that 
method compaction would influence the thixotropic behavior. Samples 
Vicksburg silty clay were compacted the same density content wet 
optimum both static and kneading compaction. Unconsolidated-undrained 
triaxial tests were performed these samples various ages after molding. 
The stresses required cause various strain are shown Fig. 
for the twotypes compaction. immediately evident from this figure that 
all agesthe static samples are significantly stronger than thekneading sam- 
ples. This logical consequence the differences initial structure in- 
duced procedures. The differences between the strengths 
decreases high value strain accordance with the concept the change 
the flocculated structure dispersed structure during the test. 

The actual strength increase over the 28-day period slightly greater for 
the statically compacted samples when measured low strains and slightly 
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less when measured high strains. Quite possibly this greater strength in- 
crease the case the statically compacted samples the result the in- 
itial flocculated structure wherein particles are tightly held and very close 
so-called “contact points,” that is, those points that control interparticle forces. 
Very slight decreases spacing these areas close approach should re- 
sult high strength increases since attraction forces increase rapidly with 
decreasing spacing small distances between particles. For the samples 
compacted kneading compaction, however, the “effective” initial spacing 
between particles somewhat greater due tothe more disperse arrangement. 
these larger spacings the same decrease distance would not cause such 
great strength increase since the attraction force-distance curve flatter 
larger spacings than for small spacings. 

The thixotropic strength ratio perhaps more significant indication 
thixotropic effects than the actual strength increase. The ratio reflects the 
strength change with respect the initial value and thus offers more graph- 
illustration thixotropic effects for given initial structure. The thixo- 
tropic strength ratioasa functionof time shown Fig. for the two meth- 
ods compaction used. When compared this basis the samples compacted 
kneading are much more than those compacted static com- 
paction. This result might anticipated because, for the water content used, 
interparticle forces dictate flocculation the absence externally applied 
shear strains. For samples prepared static compaction where shear strains 
are small, flocculated structure produced. Since this structure close 
the equilibrium structure for the soil, thixotropic effects are small. the 
other hand, the as-compacted structure samples prepared kneading com- 
paction dispersed. Asa result the initial structure deviates appreciably 
from the at-rest equilibrium structure, and thixotropic effects are pronounced. 

Effect Aging Pore Pressures During Shear.—As noted ina previous 
section the pressure (or tension) the pore water soil-water system 
measure the free energy the water. free water atmospheric pres- 
sure and considered “normal” water then any soil water that registers 
pressure less than one atmosphere lower energy level than normal 
water and any soil water that registersa pressure greater thanone atmosphere 
higher energy level than normalwater. Any change water stress 
during shear time reflects change the free energy the system 
well changes effective stresses. Changes energy reflect, turn, 
changes particle arrangement, water structure, and electrolyte distribution 
within the system. 

Texts with measured pore pressures were runinorder changes 
pore pressure with time and ascertain whether not sufficient structur- 
change took place during aging reflected differences pore water 
pressures during shear between aged and freshly prepared samples. Seed and 
Chan (23) have previously shown that dispersed structures develop higher pore 
pressures during shear than flocculated structures, thus providing vital and 
logical link between the effective stress concept soil strength and the soil 
structure concept strength. The structure the water itself may im- 
portant factor influencing measured pore pressures: well-ordered water 
structure leading lower pressures than more random arrangement water 
molecules. 

Typical results unconsolidated-undrained triaxial compression tests with 
pore pressure measurements Vicksburg silty clay are shown Fig. 14. 
All points this figure represent the average two tests. Four samples 
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were compacted kneading compaction water content 21.7%, wrapped 
rubber membranes, and aged for days. Two samples were then tested 
without disturbance, while the other two were thoroughly remolded, recom- 
pacted the same density and then tested. 

The initial pore pressure value shown the figure strain) the 
pressure that had applied the pore water prevent either water pick- 
the sample extrusion water from the sample. Since the initial val- 
ues pore pressures are less than 1.0 per chamber pressure— 
evident that the initial pore water the samples before application the 
confining pressure was lower pressure than normal water, that is, under 
tension. (That is, were the chamber pressure zero than the measured pore 
pressure would negative. Since pressures are more conveniently measured 
than tensions, the above method testing was found most 
The difference between the chamber pressure and the pore water pressure 
strain indication both the swelling pressure and the intergranular 
pressure. 

Fig. shows that initially the aged sample has lower pore pressure 
(0.39 per cm) than the freshly recompacted sample (0.74 per cm). 
This consistent with the concept the development more flocculated 
particle orientation and more ordered water structure with time thixo- 
tropic soil. During shear the pore pressures developed the aged sample re- 
main below those developed the remolded material. The strength, terms 
total stresses (deviator significantly greater for the aged sample 
than for the remolded sample, would expected. terms effective 
stresses, however, the strengths the two materials are about the same 
evidenced the plot effective principal stress ratio versus strain Fig. 14. 
These results are remarkable accord with data previously reported Seed 
and concerning the effect structure pore pressure and serve 
further substantiate the concept that thixotropic effects result primarily from 
structure changes with time. 

Similar results for compacted San Francisco Bay Mud aged days and 
tested the same manner the silty clay are shown Fig. 15. Here the in- 
itial pore pressure difference between aged and remolded soil amounts 0.25 
per sqcm. Again may seen that the higher pore pressures develop 
the remolded material and that samples are stronger terms total 
stresses. The aged specimens this soil appear only slightly stronger 
terms effective stresses. final point worthy note shown these tests 
that, for both soils, with increasing strain the difference between the two 
pore pressure curves decreases. The curve for the aged specimens shows 
more rapid initial build-upof pore pressure with strain than does for 
the recompacted specimen. This may attributed toa rapid breakdown the 
thixotropic structure during effect similar decreasing thix- 
otropic strength ratio with increasing strain shown previous figures. 

Effect Thixotropy Compressibility and the hypothesis 
for thixotropic behavior correct then must necessarily follow that aging 
thixotropic soil will have some effect, however small, the compressibility, 
because different structures the same material consolidated from the same 
initial void ratio exhibit different compression behavior. Flocculent structures 
offer greater resistance compression under low pressures than dis- 
perse structures. 

Remolded samples San Francisco Bay mud were studied natural wa- 
ter content 90.4%. Fig 16(a) shows the thixotropic character this material 
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determined the laboratory vane shear apparatus. Two samples were 
thoroughly remolded, aged days constant water content, and tested; two 
other samples were similarly remolded and aged but again remolded prior 
the strength test. Fig. 16(a) indicates significant thixotropic strength gain over 

Similar samples this material were tested means the standard one- 
dimensional consolidation test. The void ratio function applied pres- 
sure shown natural scale Fig. 16(b) and log scale Fig. 16(c). 
indicated Fig. the aged sample has e-p curve everywhere above that 
the remolded sample. That is, aging thixotropic soil has the effect in- 
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creasing the resistance compression. Examination Fig. further indi- 
cates that above pressure 0.1 per the compression curves are 
very nearly parallel, although slight tendency towards convergence some 
high pressure may noted. This means that the effect aging exhibited 
under the initial loading; the increased rigidity the aged sample being re- 
sponsible for less compression than the dispersed remolded structure. But 
once the applied pressure great enough overcome this rigidity, the aged 
sample behaves similarly the remolded sample. the same time, because 
the time involved performing consolidation test, the remolded sample 


gaining thixotropic rigidity, which inturn tends similarity the curves 
the higher pressures. 
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Permeability values were computed from the coefficient consolidation 
values determined the logarithm time fitting method measured during 
each load increment. These values are plotted Fig. 16(d). Permeability has 
been plotted function void ratio rather than pressure felt that 
void ratio more rational basis comparison. Permeability differences 
between aged and freshly remolded samples the same void ratio would 
directly attributable structural differences. significant differences can 
noted between the permeabilities the aged and remolded samples. There 
suggestion, however, that the permeability the aged sample slightly 
higher the high void ratio (low pressures) where thixotropy has the greatest 
effect structure. This would expected from considerations the struc- 
tures the two systems; however, the uncertainties involved the computa- 
tion permeability from consolidation data not warrant detailed analysis 
the results. Similar consolidation and permeability behavior was observed 
tests performed aged and remolded samples Vicksburg silty clay. 

Effectof Temperature theRate Thixotropic Strength Increase.—Alter- 
ing the temperature system containing colloids (such clay) and water 
known affect the status interparticle forces, the properties the water 
andthe rates any reactions that might occur. Thixotropic behavior appears 
function the balance between attractive and repulsive forces and fur- 
ther, thixotropic systems attraction exceeds repulsion some small amount. 
The thickness the double layer, which controls interparticle repulsion, 
given approximately the relation 


which the dielectric constant the pore fluid, denotes the Boltzmann 
constant, the absolute temperature, represents the concentration 
electrolyte, the electronic charge, and denotes the valence the ex- 
changeable cation. temperature alone could varied, then the thickness 
the double layer and therefore the repulsive forces would increase with in- 
creasing temperature. However temperature cannot without altering 
the dielectric constant, which decreases with increasing temperature. 
may shown that the overall effect these changes decrease double 
layer thickness with increasing temperature. Thus, this basis, increasing 
temperature causes decreasing repulsive forces between particles. These 
principles when applied clays prepared identical structures, aged dif- 
ferent temperatures, but identical conditions would lead the ex- 
pectation that the aging temperature the higher the rate strength 
gain. The reason for this that increasing the aging temperature would ac- 
centuate the excess attractive over repulsive forces, causing greater driv- 
ing force for structure alteration toa more flocculated condition than exists 
the as-molded state. addition higher temperatures would lead decreased 
water viscosity and increased thermal activity dissolved ions and the water 
molecules themselves, which turn would allow particle reorientations, water 
structure changes and ionic redistributions occur more rapidly. 

This expectation was confirmed with the following experiments. mixture 
consisting 25% Wyoming bentonite and 75% sand containing sizes between 100 
and 200 mesh weight was prepared content 24%. Samples were 
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compacted dry density 100.2 1.0 pcf kneading compaction. All 
samples were prepared temperature wrapped with two rubber 
membranes separated bya layer grease, and stored under water. One-third 
intervals storage 0.29, 14, 24, and days, strength values were 
measured. All samples were brought prior testing undrained tri- 
axial compression chamber pressure per sqcm. Reliable strength 
determinations could not made the samples aged 140 after storage 
more than days because the elevated temperature caused deterioration 
the membranes followed adsorption water the samples. 

Results these tests are shown Fig. where the deviator stress re- 
quired cause strains 1%, 2.5%, 5%, and 10% are plotted function 
time after remolding. The data can fitted bya straight line the semi-log 
plot for times above one day. The rate strength gain expressed the 
slope the line for each temperature follows: 


Temperature in°F Average rate strength gain 
per per log cycle 


0.064 
0.096 
140 0.140 


may seen from the foregoing that the rate strength gain more than 
doubled over the temperature range 140 

Strength values were determined the samples remolded after days 
storage and are shown Fig. 17. Due the water absorption the 
stored 140 meaningful 51-day remolded values could not determined. 
However for samples stored and the remolded strength returned 
almost precisely the value measured immediately after the initial compac- 
tion. This affords additional evidence the reversible nature thixotropic 
effects soils. 

These data are useful another way. means the Arrhenius equation 
(30) for rate processes the activation energy for the processes involved the 
strength changes may activation energy the energy that any 
ion, molecule particle must acquire before able take part any 


process, either physical chemical). The Arrhenius equation the form 


the activation energy per mole, and denote the 
temperatures which the rates property changes are measured, 
the gas constant, and and are the rate change given property 
temperatures and respectively. 

vation energy 3,900 cal per mole calculated; whereas, applied the 
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rates and 140 theactivation energy 1,900 cal per mole. According 
Glasstone, Laidler and Eyring (30) activation energies the order 
4,000 cal per mole about and 2,800 cal per mole 212 are asso- 
ciated with viscous flow water. This appears most reasonable phenomenon 
associated with thixotropic effects since particle movements, water re- 
distribution, etc., must necessarily involve movements the water phase. 
the basis the data hand good explanation for the relatively low value 
activation energy the higher temperature available. known, however, 
that the effects clay particle surfaces the properties the adjacent wa- 
ter phase may considerable. The effect the differences adsorbed wa- 
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ter properties from normal water properties activation energies required 
for various processes are this time, unknown. 

Although the energy calculations and thermodynamic considerations are 
somewhat crude when applied the present data there appear great po- 
tentialities for the application such concepts the study soil behavior. 
The feasibility determining changes thermodynamic properties associated 
with such phenomena creep, secondary compression, and stress-strain be- 
havior has yet thoroughly explored; however, should such studies 


practical then much better insight into the fundamentals soil behavior 
might result. 
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that thixotropic effects can cause significant changes soil prop- 
erties, least over some range water contents that might encountered 
practice. compacted soils thixotropic effects may importance the 
material compacted the wet side optimum. normally consolidated 
clays thixotropy may contributor will most certainly 
important factor when dealing with these materials the remolded state. 

Although theoretical thixotropic strength change equations are not available 
permit direct accommodation thixotropic effects into design problems, 
certain factors appear worthy note when considering any problem where 
thixotropic soil might encountered. For example, any laboratory testing 
program would desirable place strict controls the time between 
sample preparation and testing, order that all tests equally affected 
thixotropy. the case compacted soils, comparisons as-molded 
and soaked properties may influenced thixotropic effects occurring dur- 
ing the time required for soaking. 

The influence thixotropy the Mohr failure envelope based total 
stresses for compacted clay was determined Seed and Chan(6). The ef- 
fect aging was shift the envelope upwards; the strength intercept was in- 
creased, whereas the strength angle remained constant. Thus total stress 
design based the immediate strength envelope for soil this type will 
have added element safety due thixotropic effects. does not neces- 
sarily follow, however, that the strength terms effective stresses in- 
creased result thixotropic effects. Reference Figs. and shows 
that the principal stress ratiocurves for aged samplesand samples tested im- 
mediately after compaction are not significantly different. Thus, appears 
possible that the strength terms effective stress unaffected thixo- 
tropic phenomena. 

Reference the moisture tension data obtained Day (26) and the initial 
pore pressure values shown Figs. and show very significant de- 
crease pore water pressure with time thixotropic soil. Stated another 
way, thixotropy causes marked increase the pore water tension. The ef- 
fect this might increase the water adsorption potential the soil, which 
could detrimental practice. 

The effect thixotropy compressibility has been Fig. 16. 
Two parctical implications these results may pointed out. embank- 
ment constructed thixotropic soil may show less settlement than antici- 
pated result beneficial structure change with time. Thixotropy, ef- 
fect, builds precompression into the soil. Secondly, doubtful that 
consolidation curve can ever obtained for thixotropic soil because the 
time involved testing. Thixotropy and secondary compression work cross 
purposes. would seem reasonable that thixotropic effects during consolida- 
tion lead smaller compression index then would obtained there were 
thixotropy. 

the filed when dealing with soft clays, thixotropic effects will probably 
always beneficial. The effects disturbance will decrease with time add- 
ing some element safety any operation wherein remolding cannot 
avoided. example would the driving friction piles into soft clay. The 
build-up skin friction with time after driving will assisted thixotropic 
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hardening well the dissipation excess pore pressure the distrubed 
zone. 

Finally, there seems fundamental reason why thixotropic effects 
cannot included design whenever appears that they are sufficient 
magnitude warrant consideration, and carefully controlled tests have been 
run assess this magnitude. 


SUMMARY AND CONCLUSIONS 


Previous investigations thixotropy suspensions and soils have been 
summarized. These studies have pointed out the variety factors involved 
and the complex nature the phenomena. The importance such factors 
pore fluid composition, particle size and shape and the balance between inter- 
particle attractions and repulsions have all been recognized. Available evi- 
dence indicates that thixotropy quite general occurrence fine-grained 
materials; however comprehensive theory for the basic cause thixotropy 
has not heretofore been available. 

hypothesis based initial non-equilibrium interparticle forces after 
remolding compaction, and the effects this non-equilibrium subsequent 
structure changes within the soil has been suggested one possible explana- 
tion the phenomenon. Data consistent with this hypothesis have been pre- 
sented. has been found that thixotropic effects will occur the initial struc- 
ture dispersed artificially extent greater than dictated the inter- 
particle forces. Changes properties occur response the structural 
changes resulting from dissipation excess energy from within the system 
the soil adjusts its structure toone compatible with the excess attractive 
over repulsive forces that exists after the removal externally applied loads. 

Available data indicate that the process completely reversible, and for 
the soils tested chemical effects appear minor. The role water content 
determining thixotropic behavior has been found primarily one altering 
interparticle forces. appropriate magnitude that dispersed 
structure can induced means externally applied forces even though the 
soil particles would tend flocculate when rest then the soil will thixo- 
tropic. the water content and double layer conditions are such that the soil 
assumes stable dispersed flocculated structure independently applied 
forces then thixotropic effects are negligible. 

Pore pressures have been shown decrease with the aging thixotropic 
soil. This indicates change structure the system which may attri- 
buted changes particle orientation, adsorbed water structure and ionic 
distributions. The decrease pore pressure reflects the decrease free en- 
ergy the The pore pressures during shear are lower for aged 
thixotropic soil then for one sheared immediately after molding, which iscom- 
patible with previous results for flocculated and dispersed structures. Pore 
pressure measurements have further shown that while thixotropic effects may 
cause appreciable increases strength terms total stresses they may 
cause little effect terms effective stresses. 

The effect thixotropy one dimensional compression raise the 
pressure-void ratiocurve. The greatest effects are exhibited under low pres- 
sures. Thixotropy measurements different aging temperatures have given 
results complete accord with the proposed theory, and have further indicated, 
according energy calculations that viscous flow water may involved 
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thixotropic phenomena. Some the practical aspects thixotropy have 
been pointed out and suggested that such effects warrant consideration 
design, provided they are accurately evaluated. 
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DESIGN AND CONSTRUCTION THE AMBUKLAO ROCKFILL 


Discussion Jose Lahoz 
Addendum Closure Montford Fucik and Robert Edbrooke 


JOSE writer, behalf the Philippine National Power 
Corporation, owner Ambuklao Dam, thanks the authors for the excellent 
technical presentation Ambuklao Dam. further increase the usefulness 
Ambuklao the development future rockfill damsthe writer presents the 
detailed settlement data for the first service the dam. The help 
Cooke preparation the data gratefully acknowledged. 

The thin central core dam represented the most economical type and the 
safest with respect the special foundation conditions. 430 high and 
has crest length 1,400 ft. The only settlement points are monuments 
(164 ft) centers along the crest the center line the core, the axis 
the dam. Measurements are vertical movement and up-downstream move- 
Cross-canyon movements, that is, lateral movement the dam from 
it’s abutments were not taken. considered that they should for future 
large rockfill dams. 

Observations and measurements were taken irregular intervals varying 
from several days two months during the first year operation 1956. 
Only one measurement 1957 record. Measurements were resumed 
July, 1959 and have continued date. 

Fig. presents the complete vertical and horizontal settlement data for the 
crest Ambuklao Dam, together with the related data reservoir operation 
and foundation profile. The tabulation presents all the readings for the 
0.6 month period record and also the height dam eachsettlement point, 
and the settlement terms percentage height. The vertical settle- 
ment terms percentage height seen vary from 1.73% and 
for the maximum control section Station 0.77% with vertical 
movement 3.14 ft. 

The plotting “CREST SETTLEMENT VERTICAL AND HORIZONTAL” 
profiles the movement each point. The upstream movement all points 
between December 1957 and July 19, 1959 measure the elastic nature 
the dam. The water level December 1957 was 389 ft, and July 19, 
1959 was 232 ft. Station the horizontal movement increased 0.29 
the reservoir filled between July 19, 1959 and January 1960 while the 
downward vertical movement was only 0.05 ft. The high vertical settlements 
Stations and the steep abutment are special interest. 

The diagram, “RESERVOIR OPERATION”, shows the reservoir operation 
for the full period service January, 1960. plotted the same 
tical datum the “VERTICAL PROFILE AXIS”. The time scale 
“RESERVOIR the same that for “SETTLEMENT STA. 


December, 1958, Montford Fucik and Robert 
Asst. Genl. Mgr., Philippine Natl. Power Corp., Manila, Philippines. 
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DISCUSSION 


20” order show the relation between reservoir operation, time and 
settlement for the maximum section STA. Any movement that might 
have occurred between completion the fill June, 1955 and December 22, 
1955, the date initial permanent monument reading not recorded. The 
maximum rate settlement was October and November, 1956 the top 
the reservoir was filled for the first time. The settlement during the 
time from November 21, 1956 December 1957, and from 
December 1957 July 19, 1959 are shown dotted since the shape the 
curve not known. 

the beginning this discussion the writer mentioned, “special founda- 
tion conditions”. The paper covers the geology the site, but some addition- 
comment may emphasize the consideration given adapting the dam the 
site. its 1951 “Report the Development Power the Agno 
Luzon, the Ambuklao Site”, the National Power Corporation, owner the 
Ambuklao Dam, states part that numerous borings and test pits, 
known definitely that fault crosses the dam site under the river; that the 
depth bed rock under the river moderate, averaging about meters; and 
that the condition the rock under the river good. The left abutment ridge 
composed diorite and metamorphic rock with very complex relations. 
One the fault zones underlies the gully the upstream side the ridge, 
and the other intersects the far end the ridge but does not extend the 
river downstream from the ridge and cannot form leakage path thru the 
ridge. The fault zones not constitute serious weakness for the type 
dam planned. The impervious earth core will cover the fault zones except 


the extreme upstream toe the dam where they will covered the rock- 


Mr. Lahoz has presented valuable record the horizontal and vertical 
movements the crest Ambuklao Dam. This record, which was not pre- 
viously available the writers, shows the maximum vertical settlement 
3.33 Sta. This considerably more settlement than that cited 
writers, but well within the expected range for vertical core rockfill 
dam. The crest Ambuklao Dam was about 3.25 provide for 
future settlement, appears that the maximum settlement has exceeded 
this about in. general, however, the percentage vertical settlement 
the same order magnitude that experienced other central core 
rockfill dams. 

The horizontal movements were considerably less than the vertical move- 
ments. The largest horizontal movement was 2.06 downstream Sta. 
midway between the abutments. least half the total horizontal movement 
recorded the 4-yr period record took place during the initial raising 
the reservoir. There some indication that horizontal rebound occurred 
when the reservoir level was lowered. 

The writers agree with Mr. Lahoz that measurements lateral movements 
could provide useful information, and such measurements should taken 
future vertical core rockfill dams. 


Executive Vice Pres., Harza Engineering Co., Chicago, 
Asst. Project Mgr., Harza Engineering Co., Chicago, 
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COMPRESSIBILITY THE BASIS FOR SOIL BEARING 


Discussion John Focht 


JOHN ASCE.—Mr. Hough points out, towards the end 
his paper, that there assumption onthe part many designers that 
movement analysis footing designis not required the factor safety against 
rupture adequate. careful reading any the standard texts me- 
chanics2,3,4,5 would not lead reader this assumption, which certainly 
not universally correct. Even less comprehensive texts6,7 discuss the prob- 
lem designing footings minimize differential settlement. reach the 
above-mentioned assumption, which the writer agrees prevalent some 
degree, there must mis-interpretation, partial reading misunderstanding 
the part user standard text. Therefore, seems that Mr. Hough’s 
argument stated the first sentence his abstract directed largely 
the engineer who might termed “careless” reader, rather than the usu- 
ally quoted authorities. 

including Fig. what otherwise generally logical paper, the au- 
thor has invited misinterpretation and misapplication his paper. Further- 
more, there areat least three significant assumptions made his development 
which impose severe limits the validity results obtained; but there 
little mention these limitations. These four “errors” the paper 
could easily lead the “careless” reader another tacit assumption— 
can designed following the simple procedures outlined, using Fig. and 
designing for the sustained structural load,—with the result that there will 
danger soil rupture differential settlement.” This assumption 
wrong the one Mr. Hough attempting combat and careful reading his 
paper clearly shows that would disagree with such broad assumption de- 
rived from it. Nevertheless, the writer believes that more readers will 
misdirected than will corrected unless the severe limitations Fig. are 
emphasized and few other limitations are pointed out. 

The correlations which have been suggested others between standard 
penetration resistance, and the relative density sand are poor best. 


Chief Design Engineer, McClelland Engineers, Inc., Houston, Texas. 
“Soil Mechanics Engineering Practice,” Terzaghi and Peck, John 

Wiley and Sons, 1948, pp. 411-412. 

“Fundamentals Soil Mechanics,” Taylor, John Wiley Sons, 1948, pp. 
605-607. 

“Soil Mechanics, Foundations, and Earth Structures,” Tschebotarioff, McGraw- 
Hill Book Co., 1952, 371. 

“Basic Soils Engineering,” Hough, The Ronald Press Co., 1957, 277. 

“Foundation Engineering,” Peck, Thornburn, and Hansen, John 
Wiley Sons, 1953, pp. 216-217. 


“Substructure Analysis Design,” Andersen, The Ronald Press Co., 1948, 
pp. 78-85. 


: 
ba 


The use evaluate the shear strength clay only avery 
rough estimate strength desired. Such correlations would probably not 
used for close design Mr. Hough any one else familiar with the very 
broad scatter points through which the correlating line has been drawn. For 
years has been the writer’s opinion that the various “rule-of-thumb” corre- 
lations developed using have hindered the advance soil mechanics rather 
than helped because they tend lead “handbook” designs. Therefore, 
considered extremely unfortunate that authority such Mr. Hough in- 
troduces Fig. correlation compressibility and without any substan- 
tiating data whatsoever, even wanted only show the order magnitude 
the bearing capacity index. 

The general validity the simplified approach for footing design suggested 
Mr. Hough hinges several limiting assumptions either not mentioned 
all touched only briefly; some these are— 


The sustained footing load equal large percentage the 
maximum footing load. 

The soil conditions are uniform horizontal and vertical directions. 

The soil compressibility, expressed does not vary with depth 
with the magnitude the applied load. 


Deviation actual conditions from these assumptions does not any way de- 
tract from the value the theoretical development Eqs. through and 
Figs. through pointing out the relative importance the dimensional 
factors involved footing Nor the appropriateness Mr. 
Hough’s encouragement more attention movement analysis affected. The 
inexactness these assumptions not, however, consistent with the implica- 
tion Fig. and other parts the paper that movements can computed 
the simplified procedure with precision 0.01 0.02 ft. 

There are variety structures which the sustained load, the nor- 
mal operating load, small fraction the maximum design load. Trans- 
mission towers and tall process columns are this category. Designing foot- 
ings such units the basis under normal load might not 
provide any margin safety for rupture under maximum load. Mr. Hough’s 
paper seems directed primarily design footings for residential, 
commercial, and light manufacturing buildings where the footing loads are 
primarily dead loads and the loads are all the same order magnitude. 
side issue, consideration was given those structures which are not 
movement-sensitive. any case, design footings can not divorced from 
the characteristics requirements the structure supported. 

soil conditions site are generally uniform, simplified approach for 
equalizing footing using precomputed charts and graphs like Fig. 
may satisfactory. However, the writer’s experience, soil conditions are 
seldom completely uniform over large site; and proper use the simplified 
method, any other, will require evaluation the varying conditions and the 
varying parameters soil characteristics. designer who has been consist- 
ently averaging values and using family charts like Fig. probably has 
also lost sight the basic principles involved eliminating differential set- 
tlement. consequence will this paper follow the suggested 
simple “handbook” procedure using incorrectly average parameter 
pressibility, even tho the parameter actually varies over the site. The writer 
feels that where conditions vary, the designer who approaches footing design 
relying basic fundamentals will produce betterdesigns because his better 
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DISCUSSION 


understanding the problem than the designer who uses simplified, chart- 
type, handbook approach developed this paper. 

Even uniform soil deposit, compressibility may vary with depth. 
sands commonly accepted that the compressibility (used broad term) 
may decrease with depth. Where the foundation medium stiff over- 
consolidated clay, the degree overconsolidation often decreases with depth 
which should mean variation compressibility withdepth. uniform clay 
deposit, the compressibility decreases with depth because the decreasing 
ratio additional stress original stress. addition these variations, 
consolidation test curve curve rather than straight line for most soils 
except the normally consolidated clays; therefore, the compression index, 
often secant approximation the curve and the stress 
increment. Using the example Fig. with 100 and considering footing 
sizes ranging from ft, the allowable contact pressure, will range 
from 3,600 psf to6,200 psf, and according Fig. the depth effective stress 
will range from ft. would only the most uniform soil condition 
which will not vary compressibility with nearly 100% variation applied 
pressure and inthe depth soil participating footing move- 
ment. 

Because the various factors mentioned above but which were not ade- 
quately discussed the paper, the assumption uniform and constant com- 
pressibility valid only for very limited ranges footing sizes and bearing 
pressures, and even then only for obviously uniform soil. This fact coupled 
with consideration normal variations soil properties between borings 
indicates that direct application Eqs. through and set charts like 
Fig. should done with extreme care; otherwise, the author concluded 
for the situation careful site investigation and compliance with code regu- 
lations, chances differential settlement --- may well remain.” 

Despite the variance the above comments with the paper, the writer and 
Mr. Hough agree the two fundamental criteria foundation design: 


Each individual foundation must safely transmit its maximum design load 
the soil without danger shear failure the soil. 
The total and differential foundation movements (usually computed for 


average sustained load) must not impair affect the utility the supported 
structure. 


They can applied either order, but every case both criteria must 
given some degree consideration, even only decide that one not 
consequence for the particular problem. will make little difference the 
completed structure, when its footings are properly designed, which criterion 
was used first the design. the responsibility the foundation engineer 
evaluate all the factors involved and then select design procedure 
which will yield satisfactory foundation design for the contemplated structure. 
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SUBSURFACE EXPLORATIONS PERMAFROST 


Discussion Johnston, Robert Lange, Henry Stevens and 
William Verville 


need for adequate subsurface investigations pro- 
posed construction sites underlaid perennially frozen ground cannot over- 
emphasized. The methods and techniques used obtain the required site infor- 
mation differ somewhat from those generally followed more southerly 
regions. Unfortunately, very few records subsurface explorations perma- 
frost areas have been published. was pleasure, therefore, read the ac- 
count the work Frobisher Bay, Baffin Island, Northwest Territories, 
Canada, Mr. Cass. 

The author indicates that considerable difficulty was experienced obtaining 
samples frozen material when using churndrill anddrive sampling methods. 
This was particularly true the coarse-grained soils which few samples 
were procured. The author further reports that much better results were ob- 
tained (although still rather incomplete and erratic) the use core drill, 
and this basis, concludes that “subsurface explorations the Arctic are 
best accomplished core drilling methods.” 

Canadian experience has confirmed the difficulties using churndrill and 
drive sampling methods obtain suitable samples frozen soils, and has in- 
dicated this technique generally unsuitable for exploration permafrost 
areas because the difficulty penetrating the frozen ground coarse- 
grained soils and extracting material from the sampler soils. 
the case core drilling, number detailed investigations2,3,4,5 have 
been carried out recent years develop and improve drilling methods and 
techniques for obtaining frozen core samples. Although these studies have 
shown that core drilling can successfully carried out all types frozen 
material, the special equipment, materials, and techniques required, particu- 
larly for coarse-grained soils, are such that this method may not always 
practicable. For instance, its use may limited difficult access conditions, 


October, 1959, James Cass, Jr. 

Northern Bldg. Sect., Div. Bldg. Research, Natl. Research Coun., Ottawa Canada. 

“Permafrost Investigations Aklavik: 1953 (Drilling and Sampling),” 
Pihlainen and Johnston, Div. Bldg. Research, Natl. Research Council, Canada, 
(NRC 3393), January, 1954. 

“Core Drilling Frozen Ground,” Hvorslev and Goode, Seventh An- 
nual Drilling Symposium, Exploration Drilling, Univ.of Minnesota, Center for Continua- 
tion Study the General Extension Div., Minneapolis, October, 1957, 114. 

Lange, Seventh Annual Drilling Symposium, Exploration Drilling, Univ. Minnesota, 
Centre for Continuation Study the General Extension Div., Minneapolis, October, 1957. 

“Refrigeration Fluids for Drilling and Coring Frozen Earth Materials,” 
Lange, Paper presented the First Internatl. Symposium Arctic Geol., held 
Calgary, Alta., January, 1960. 
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cost, weight, and quantity the equipment required, difficulty movement 
this equipment about site, scope the investigations carried out and 
climatic conditions. 

alternative method such cases, and one that worthy careful con- 
sideration the use test pits. Test pits have particular application site 
exploration northern Canada where large areas are covered with deposits 
very stony glacial tills and coarse gravels. These materials can contain 
large amounts ice the form thin layers lenses, coatings individu- 
particles, inclusions several feet thick; and extremely important 
that these soils very carefully examined prior construction. 

important advantage test pits that they permit the frozen soil and 
the ice segregation examined detail the undisturbed condition. Test 
pits can excavated fairly cheaply and rapidly; they require minimum 
special equipment, and not require skilled labor, thus, avoiding the need 
bring men from the outside when local labor available. addition, in- 
vestigation several areas can undertaken one time. 

Test pits can advanced several ways—by solar thawing, artificial 
thawing (steam, fires, and forth) pick and shovel, air, gasoline powered 
jackhammers, explosives, mechanical excavating equipment. far the 
most effective method excavation, however, appears excavation the 
use jackhammers powered compressed-air gasoline engine. Test pits 
are best excavated the early spring months when the ground completely 
frozen, although many have been dug successfully during the summer period. 
Some cribbing for the first few feet generally required, excavation car- 
ried out the summer months. However, the remainder the excavation 
usually sufficiently stable stand without cribbing because the frozen con- 
dition the material. Water entering the excavation due thawing the 
ground, from surface seepage, when unfrozen layers are encount- 
ered, can generally handled bailing the use small pump. 

Normally, foundation investigations are required depths ft. 
Two three laborers, who alternate working the excavation, can advance 
test pit the rate per day with most pits being dug depth 
least ft. Undisturbed samples can taken where desired from the walls 
the pit and the soil profile logged intervals the work proceeds. Thus, 
information missed and the rate progress compares favorably with that 
obtained core drilling methods. all-inclusive cost ofa test pit operation 
has been estimated approximately $10 per ft. 

contrast, the costs core drilling are generally higher but not great 
$44 and $42 perft reported the paper Mr. Cass. Similar investiga- 
tions the western Arctic, along the Mackenzie River and Frobisher Bay, 
using medium-sized diamond core drills, have been carried out cost 
greater than $20 per and, some cases, cost about per ft. Many 
variables make cost comparisons difficult but even when the location the 
work and the high cost transportation are taken into account and, also, re- 
alizing that part the work consisted attempts improve the sampling 
techniques, the costs quoted appear abnormal. The value planning oper- 
ation well advance cannot underestimated and does much decrease the 
overall cost. Generally, program must planned from six months one 
year ahead the actual operation order take advantage the shipping 
season, site facilities and the periods the year work best carried 
out. 

The author mentioned that the Snow, Ice and Permafrost Research Estab- 
lishment the United States Corps Engineers, Dept. the Army, method 
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for describing and classifying the ice segregation frozen soils was used. 
The use such system establish uniformity reporting the ice phase 
frozen soils highly recommended. The Snow, Ice and Permafrost Re- 
search Establishment system has been used the Division Building Re- 
search the National Research Council Canada for several years all 
permafrost investigations, and has been extremely useful. Some modifica- 
tions this system have been made result experience gained its 
use chiefly with regard differentiating between thin ice lenses (up in. 
thick) and “massive” ice inclusions (over in. thick) but, essentially, the 
method reporting the same. The value this paper would have been 
considerably enhanced had several the borehole logs been reproduced giv- 
ing more detail the types soils encountered and, particularly, the type 
and distribution ice these soils. 

Published records subsurface investigations permafrost areas such 
those reported Mr. Cass can immediate value those concerned 
with this phase northern construction and development. hoped that 
others will follow his example reporting their experiences for, recent 
years, there have been number investigations worthy note carried out 
the North. 


ROBERT Cass has described some the problems 
foundation exploration permafrost manner that will valuable any- 
one contemplating similar job. His description these problems points out 
the need for improved methods and equipment designed especially for the ex- 
ploration rock permafrost and procurement undisturbed samples 
course-grained well fine-grained frozen soils. 

The United States Corps Engineers, Dept. the Army’s Snow, Ice and 
Permafrost Research Establishment implemented research project several 
years ago which, was hoped, might furnish least partial solution some 
these problems. was recognized that positive method maintaining the 
hole wall and core the frozen state, during high ambient air temperatures, 
would required. portable refrigeration system that would cool ade- 
quate flow diesel fuel compressed air(as rotary drilling fluid) +15°F 
ambient air temperatures 70°F evolved from the work conducted 
this organization. hasbeen used with considerable success various frozen 
soils, including frozen river gravels. 


HENRY and WILLIAM Cass has per- 
formed needed service indescribing his experiences sampling frozen soils 
permafrost areas. Pooling the knowledge gained such experiences can 
help establish reliable methods. 

The investigations described Mr. Cass confirm that drive sampling 
satisfactory frozen, fine-grained soils comparatively warm soil temper- 
atures. Nodata were given the latter factor but may inferred from the 
time year and the location. probable that the warm soil temperatures 
were important reason why rotary core drilling, withbrine solutions only 


Geologist, Applied Research Branch, Army Snow, Ice, and Permafrost Re- 
search Establishment, Corps Engrs., Wilmette, 

Engr., Arctic Constr. and Frost Effects Lab., Army Engr. Division, New En- 
gland, Waltham, Mass. 

Engr., Arctic Constr. and Frost Effect Lab., Army Engr. Div., New England, 
Waltham, Mass. 
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degree two below freezing temperature, was unsuccessful. The success- 
ful use compressed air, cooled exposing cold air temperatures, augers 
well for the success the current investigations? the Snow, Ice and Perma- 
frost Research Establishment, Army, Corps Engrs., Wilmette, 
(USA SIPRE) into the use refrigerated compressed air. 

The Arctic Construction and Frost Effects Lab., Army Engineer Div., 
New England, Waltham, Mass., (ACFEL) has had considerable experience with 
exploration frozen ground drive sampling methods. Many situations en- 
countered, particularly Alaska, were such that drive sampling was most 
feasible and economical. Indeed, some cases, drive sampling had decided 
advantages, not the least which was that could accomplished without the 
use water, cooled fluids other auxiliary equipment. However, ap- 
parent that drive sampling only possible the finer-grained soils com- 
paratively warm soil temperatures. Exactly whatconditions are necessary for 
success have not been defined, least print, and the average engineer may 
somewhat uncertain whether depend upon drive sampling resort tothe 


TABLE 
Water Content Sample Approximate 
Soil Type Weight Diameter Soil Temperature 


Brown clean uniform SAND 
(SP). segregated ice. 25.0 in. 29°F 


Light grey, poorly graded, 
medium fine SAND (SP). 


ice segregation. 18.0 2-3/4 in. 30°F 
Sandy, clayey SILT (CL-ML), 

Segregated ice 38.7 1-1/2 in. 27°F 
Grey SILT (ML), Segregated 

ice, organic contents 3.8% 86.7 2-3/4 in. 30°F 
Grey SILT (ML), Segregated 

ice, organic content 4.3% 129.4 2-3/4 in. 30°F 


more complex and expensive rotary drilling. ACFEL presently compiling 
statistics from past experience attempt define the uses drive sam- 
pling frozen soils wellas suggesting equipment given job. 

few frozen soil types that have been successfully drive sampled are here 
listed Table and may serve point out possibilities not realized. 

very important, course, that rotary drilling methods frozen soils 
developed their optimum usefulness because the many situations 
which drive sampling impossible will not produce the desired information. 
Recent reports experiences rotary drilling have provided much “know 
how.” ACFEL enjoyed the opportunity working with Army Waterways 
Experiment Station, Vicksburg, Miss., rotary drilling coarse glacial tills 
Greenland, 1956-1957, which excellent results were obtained relatively 
low subsurface temperatures. SIPRE’s very promising investigation into the 


“Interim Report Core Drilling Frozen Ground,” Boyd and Lange, 
Seventh Annual Drilling Symposium, Univ. Minnesota, Minneapolis, Minn., 1957. 

Drilling Frozen Ground,” Dr. Juul Hvorsley and Thomas Goode, 
Seventh Annual Drilling Symposium, Univ. Minnesota, Minneapolis, Minn., 1957. 


A 
“ 

a 

? 

> 

4 

a 
by 
4 a 
= 
e 
aged 
3 


DISCUSSION 


use refrigerated compressed air and rotary drilling has already been men- 
tioned. However, there still need for development methods and equipment 
provide reliable procedures for all situations and locations. particular 
need for lightweight portable equipment that can transported relatively 
small planes remote areas where water other supplies are unavailable. 
the same time, the equipment should capable sampling any type 
frozen soil depths least 100 ft. Itis hoped that all who have experience 


and can contribute the general knowledge this important matter, will 
so. 
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RATE CONSTRUCTING EMBANKMENTS SOFT FOUNDATION SOILS2 


Discussion Harry Cedergren, Silva, Gilbert, Jr. 


HARRY ASCE.—The author points out that “There has 
been great deal misunderstanding and misconception the past regarding 
the use apparent and effective angles internal friction estimating shear 
strength.” Although logical explanation wide differences shear coeffi- 
cients that may obtained saturated clays was offered Arthur Casa- 
grande, 1934,2 there still great deal misunderstanding and miscon- 
ception regarding the use angles internal friction clays. For example, 
engineering publications one can find references friction angles 
15° for San Francisco bay mud, however, careful analysis substantial num- 
ber well-performed triaxial shear tests “bay mud” consistently indicate 
true angle internal friction approximately 30°. Soft, normally consoli- 
dated mud clays this kind stubbornly resist increases strength. Their 
low permeability responsible for the extremely slowflow water outof the 
soil pores, thus, the low permeability responsible for very slow increase 
strength. When shear coefficients are computed from the total stresses ap- 
plied laboratory specimens clay that are not fully consolidated, low “ap- 
parent” friction coefficients are obtained. allowance made for pressures 
the pore water, much higher friction coefficients are indicated. This point 
substantiated the triaxial shear data Table column Table 
given the consolidation pressure (the chamber pressure, “all-around” 
pressure) under which the specimens were consolidated. column given 
the chamber pressure which the shear test was performed, during the ap- 
plication which further drainage was permitted. The deviator stress 
column may noted basically independent the chamber pressures 
column All stress” that would obtained plotting Mohr 
diagrams with the total externally applied stresses (column “minor prin- 
cipal stress” and the sums columns and ‘major principal stress”) 
give low “apparent” coefficients friction. Since the deviator stresses 
column show measurable increase with pressures applied after consoli- 
dation, can concluded that for these tests essentially 100% all stress 
applied after stopping drainage transmitted the pore water. The effective 
axial stress each series tests is, therefore, essentially equal the 
consolidation pressure listed column and the effective lateral pressure 
basically equal the consolidation pressure minus the deviator stress 
column These values are listed under columns and very close ap- 
proximations the “effective” stresses failure. Mohr diagram plotted 


October, 1959, Herbert Lobdell. 

Senior Materials and Research Engr., Calif. Div. Highways, Sacramento, Calif. 

Journal the Boston Society Civ. Engrs., July, 1934, (Reprinted “Contribu- 
tions Soil Mechanics 1925 1940,” BSCE, 1940, pp. 218-225. 
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for these tests using the “effective” stresses thus calculated gives friction 
coefficient approximately 30°. When the total externally applied pressures 
are plotted Mohr diagrams, “apparent” friction coefficients 15° can 
obtained. 

The test data discussed above were obtained non-organic soft silty clay 
from the San Francisco Bay area. Similar data are available from widely 
scattered locations that area. These tests would seem place credence 
the concept that the strengths some clays can attributed primarily 
friction. Certainly, evident that any stability studies relating soft 
clays should based upon understanding the manner which strength 
coefficients are obtained. This particular group tests was made dia. 
specimens, consolidated several weeks essentially equilibrium and then 
sheared min without further drainage. 

When the applied the consolidation theory stability analysis 
earth dam clay foundation (in 1940) met objections from some 


TABLE 1.—TRIAXIAL SHEAR DATAP 


Chamber 
Consolidation Pressure Deviator Axial Lateral 
Pressure Shear Stress Pressure Pressure 


(1) (2) (3) (4) (5) 


COCO 


Assuming that after consolidation stopped all added stresses are transferred 
the water. 


All values tons per square feet 


practical engineers the grounds that the method was just too theoretical. 
Observation long-time records structures soft mud foundations have 
convinced the writer that these methods, used intelligently and with respect 
for their limitations, can substantial value predicting the behavior 
full-size projects clay foundations. 

carrying out analysis the safe rate constructing embankments 
soft foundations, the writer usually calculates the average per cent consolida- 
tion the foundation required support the fill progressively greater 
heights. One does not know advance the most suitable thickness fill in- 
crements various stages construction. Toavoid repetition the stability 
analysis for design and during construction one can select number fill 
heights covering the required range, and calculate from stability analysis 
the required per cent consolidation for each height. Thus, for example, the 
gross height fill ft, stability analyses might made heights 
ft, ft, and ft. These heights not need have any relation the 
thickness lifts applied during construction. 
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DISCUSSION 


SAFE CONSTRUCTION RATE 


CURVE 


CONSOLIDATION 


HEIGHT FEET 


REQD. 


CONSOL.= 54.8 


TIME DAYS 


FIG, 1.—STUDY ALLOWABLE RATE CONSTRUCTION 
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100 200 300 400 500 


Once the relationship between fill height and the required percent consolida- 
tion has been established, any combination lifts can examined without the 
need for further stability analyses. This procedure can simplify subsequent 
calculations for the “safe construction rate.” 
Having determined the relationship between height and the percent 
consolidation needed for stability, and having established 
“time-percentage consolidation” curve for the foundation, rate loading 
studies can carried out determine the fastest, most practical construc- 
tion schedule for the conditions being analyzed. 
When fill constructed controlled rate, initial lifts cause build-up 
strength the foundation that helps support subsequent lifts. slowly 
placed fill considered produce the combined effect series strip 
loadings that have been place shorter and shorter lengths time, the in- 
ly, and the combined effects determined simple addition. For example, 
5-ft increment has been sufficientlength its portion the 
foundation consolidation 50% completed, and another 5-ft lift then ra- 
pidly placed, the average degree consolidation under fill will 25%. 
carry out the computations for the safe rate loading, time-percentage 
consolidation curves may plotted directly beneath plot height fill 
versus time curve shown Fig.1. The required percentage consolidation, 
determined stability studies, shown the right the upper plot for 
various fill heights. The height fill versus time curve plotted progres- 
age consolidation curves that are plotted the lower part the sheet. The 
time placement each lift determined successively “cut-and-try,” 
with each new lift being placed some arbitrary time, and the weighted per- 
centage consolidation computed. this value less than the required value 
new, slightly longer time tried, and the weighted percentage consolidation 
again computed. This process repeated until reasonable accuracy ob- 
tained. After little practice the time placement each new lift usually 
can determined one ortwo trials. Thus, the example, 
needed the end placement the sixth lift. The weighted percentage 
the total combined fill thickness ft. The calculated percentage consoli- 
dation under the combined influence the lifts close the required 
amount (55%). Thus, the time placement the last lift satisfactory. 
this manner, the safe time placement each lift can determined. Fol- 
lowing this procedure, one can study various loading patterns and determine 
the most practical for the conditions each project. 
Predictions the behavior clay masses with time must considered 
approximate and one should not blindly assume that field performance will ex- 
actly follow predictions. concluded the author, field observations should 
govern the actual rate placement Excessive pore pressures, unex- 
plained increases settlement, and lateral movement heave near the toe 
are all warning signals that the rate too fast. 


SILVA,3 ASCE.—The author congratulated for his original 
contribution study the stability embankments resting soft founda- 
tion soil. 
Chf., Soils Sect., Instituto Pesquisas Tecnologicas, Sao Paulo, Brazil. 


DISCUSSION 


the discussion his assumptions, the author refers the scattering 
results permeability and coefficient consolidation determinations. his 
analysis, adopts average value for the coefficient consolidation. The 
writer has consistently observed from consolidation tests soft organic soils 
that the coefficient consolidation decreases from the start the test, 
reaches minimum value, and then starts increasing. the writer’s opinion, 
the analysis might improved further introducing different value this 
coefficient for each increment load. 

Fig. typical pressure-void ratio (coefficient consolidation) curves 
for soft organic quaternary clay deposit near Santos, Brazil are presented. 
(Liquid limit for this sample was 120%; plastic limit 39%). Since these are 
soils very low permeability, increase strength could counted 


FIG, 1.—CONSOLIDATION TEST RESULTS, SOIL DEPOSIT 
NEAR SANTOS (BRAZIL) 


ratio 


any reasonable period time, unless some means accelerating drainage 
provided, such the use vertical sand drains. this connection, coef- 
ficients permeability radial direction have been determined the 
writer from consolidation tests which only radial drainage permitted. 
For the purpose this test regular consolidation apparatus used. The 
cylindrical test specimen provided with concentrical cylindrical drain 
made with mixture fine sand and mica powder approximately the same 
compressibility the soil. Fig. cut specimen after the realiza- 
tion one such tests presented. the writer’s opinion that this test 
proves great value for the determination radial permeability coef- 
ficients connection with vertical sand drain design. 
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FIG, RADIAL DRAINAGE CONSOLIDATION TEST SPECIMEN 


Uncontined 
compressive 


FIG, 3.—VARIATION UNCONFINED COMPRESSIVE STRENGTH WITH DEPTH 
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DISCUSSION 


The writer would appreciabe knowing the author’s viewpoint about trying 
extend the method the case initial strength condition the type shown 
Fig. which the usual case natural soft clay deposits. Such type 
variation could, easily taken into account for the case the first 
lift. Its consideration for the cases the following lifts, however, might be- 
come too elaborate for practical use. 

connection with control piezometer installation, the author recommends 
double-tube type piezometers. The writer believes, however, that when the 
piezometer tube can maintained vertical position and open atmos- 

pheric pressure, the case embankment construction, there seem 
problems involving gas bubbles and single-tube-type piezometer would 
preferable because its simplicity. 


GILBERT, ASCE.—Mr. Lobdell has presented very in- 
teresting and informative paper rational design approach the problem 
controlled loading rates embankment filling soft foundation soils. 
However, the that the author has made several oversimplifications 
that might lead dangerous conclusions the casual reader. 

The author states that the effective angle internal friction, should 
used when computing the shear strength partially consolidated soils. This 
procedure will conservative only when the excess pore pressures, resulting 
from the incremental shear stresses induced the embankment loading, are 
considered. The ratio incremental pore pressures increase principal 
stress difference (deviator stress, 03) defined the factor,” and 
approaches the value 1.0 for soft, normally consolidated the pore 
pressures induced shear stresses are not considered, the use the effec- 
tive friction angle, equivalent using the drained shear strength for 
given value (or analyze the possibility sudden, undrained, 
failure condition. 

The strength value obtained from the effective stress envelope represents 
the potential strength available after complete dissipation pore pressures 
induced the increment embankment loading. However, the strength 
interest for stability the strength immediately available the “instant” 
incremental loading. Ignoring the increase pore pressures will lead toa 
safety factor very much the unsafe side. 

The necessity estimating field pore pressures can avoided deter- 
mining shear strength-consolidation pressure relationship from consolidated- 
(Qc) Triaxial Tests without pore pressure measurements. The in- 
crease consolidation (effective) pressure with time may determined 
methods similar those presented the author, and the increase undrained 
shear strength readily determined from relationship. Thisdesign 
technique has been successfully used the design heavy highway fills over 
soft varved clay deposits the Salt Lake City section the Utah Interstate 
Highway System. The method based upon the admittedly approximate as- 
sumption that the pore pressure behavior the soil similar under labora- 
tory and field conditions. However, the writer feels that there are fewer un- 

certainties involved this technique than there are attempt estimate 
the shear-induced pore pressure complicated two-dimensional stress field. 

The one main advantage the effective stress approach embankment 
stability the direct available shear strength any time 


Soils Engr., Porter, Urquhart, McCreary and O’Brien, San Francisco, Calif. 
“The Measurement Soil Properties the Triaxial Test,” Bishop and 
Henkel, Arnold, London, 1957. 
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and the observed field pore pressures that time. However, the author 
points out, the pore pressures observed the embankment centerline can only 
considered rough embankment stability. would seem, there- 
fore, that thelarge number piezometers needed any givencross 
determine accurately the pore pressure variations along potential failure sur- 
faces make this advantage the effective stress concept more theoretical than 
practical. The writerfully concurs withthe author the desirability locat- 


ing some piezometers beneath the embankment slope, especially areas 
critical stability. 
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STRUCTURE AND STRENGTH CHARACTERISTICS COMPACTED 


Discussion Silveira, Gilbert, Jr., John McRae 


SILVEIRA,! ASCE. —Mr. Seed and Mr. Chan used very interesting 
and realistic form for studying the structure effects causes several pro- 
perties compacted clays. The writer would point out another suitable 
method for the same purpose, that includes the factors soil composition, 
his observations and comments the paper. 


THE PATTERN BASED SOIL COMPOSITION INDICES 


The triangular diagram was classical form representation soil com- 
position, but poor for the study soil properties. new system based the 
voids ratio (e), the moisture content (w), and the degree saturation (S), fill 
the requirement ease construction procedures. 

The compaction diagram can replaced simple change coordinates 
when adopting this system. Dry density substituted for the voids ratio 
which connected the relationship 


Since the density solids fixed and set saturation curves fit 
complete the pattern, the representation soil having any composition 
point set between the curve 100% saturation, and the curve 
saturation. The first corresponds the usual zero air voids curve and the 
second the axis itself. 

Fig. the basic pattern, named (e,S,w) diagram, obtained using 
natural scale for Moisture content (w) values are plotted the axis 
the adoption suitable scale regards the density ratio 
The saturation curve represented the dotted line. 

This procedure makes easy the construction the (e,S,w) pattern, due 
relationship among these values 


geometrical construction based the rectangular2 triangle whose hypo- 
tenuse S)is the axis and the height(h) represents the value the suit- 
able scale. 


Cons. Engr., Comissao Solos Rio Janeiro, Brazil. 
This correlation obtained from: 
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The curves equal degree saturation are obtained the simple geo- 


Complementary curves representing the wet density can plotted 
the same pattern, because 


Enlarged parts these diagrams are useful for the study such soil pro- 
perties those connected volume change orto any variation dry density. 


FIG, 1.—REPRESENTATION FIG, 2.—ENLARGED SOIL COMPO- 
SOIL COMPOSITION SITION PATTERN 


The writer supposes that the representation soaking with volume change, 
referred the author solved this manner. 


INFLUENCE STRUCTURE AND SHRINKING 


Swelling and shrinking effects were represented earlier4 simple compac- 
but they canbedone successful the(e,S,w) pattern. For com- 
pacted soils these curves start from point and proceed opposite directions 
but form continuous curve shown Fig. which the swelling part 
represented the dotted lines. Compaction curves produce sequence 
points representing different initial soil compositions. 


“Diagrama proporcao fases para solos,” Clube Engenharia 193- 
Set, 1952, Rio Janeiro. 


Road Research, Laboratory, Soil Mechanics for Road Engrs., Chapter 
London, 1957. 
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DISCUSSION 


Two crossed volume change curves over the same point, for particular 
soil, the picture the effect, different structures, the swelling the 
shrinking processes. could done represented the author’s Fig. 3b, 
for the shrinkage process. 

The lower part the (e,S,w) pattern able used for the representa- 
tion any magnitude connection the voids ratio. The representation 
volume change soil, having the voids ratio natural scale for (-y) 
straight line given 


Axial shrinkage could represented inthis manner, but its transformation 
volume change assumed isotropic soil would more practical, since 
axial shrinkage value one third volume change. example application 
the lower part the (e,S,w) pattern the transformation the author’s 
Fig. Fig. this discussion. The dotted curve Fig. the tentative 
curve resulting from soaked specimens. 


FIG, 3.—COMPACTION CURVES AND DATA 
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Because the voids ratio was chosen the correlation element, the curves 
swelling pressure become similar shape the compaction curve. The 
full line represents the swelling pressure for the points the 
and the dotted line the same for soaked specimens. Soaking effect soil 
structure well represented these separate curves. (author’s Fig. 

The influence molding water content swelling pressure quite evident 
and the optimum moisture point single point the curve, for 
which the increment that magnitude referred the voids ratio changes the 


sign. Similar procedure has been used for representation suction pressure, 
consolidation, and forth. 


INFLUENCE STRUCTURE STRENGTH 


Soil composition indices seem clear when volume change effects 
structure effects must separated, even when the (e,S,w) pattern not used. 

Soil composition particularly important when strength characteristics 
are examined, because plays recognized role the porewater pressure 
the effects soil structure the effective pressure Strength 
must governed both acting together. 

table results, taken from the author’s examples was obtained for the 
interpretation the questions suggested the reading the paper (Table 


TABLE 1.—ELEMENTS SOIL COMPOSITION 


Author’s 
Fig. 


0.0116 
(2)Disp. 0.0116 
(1)Floc. 0.0086 


(1)Floc. 
(2)Disp. 


Obtained assuming the complete saturation the sample with actual moisture 
content. 


general idea that undrained triaxial test similar approach 
the compaction under static load the consolidation unsaturated soils. 
The only difference exists the constant lateral pressure the first test 
comparision the lateral restraining the two others. 

Water squeezing common all these cases, and porewater pressure 
consequence accepted normal when the air voids become saturated. There- 
fore, the volume change was determined for the limiting voids ratio pos- 
sible for undrained compressed samples, that that corresponds the de- 
gree saturation for actual water content. was obtained making 

Stress-strain results, the author’s Fig. shows two curves, one 
soaked sample having “floculated” structure, and the other for “dispersed” 
structure. Soil composition the same approach for both, but the de- 
gree saturation only 91%. Volume change for the 100% saturation 
(0.605 0.549)/1.605 0.0349 and the corresponding axial strain 1.16%. 
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DISCUSSION 


The author’s stress-strain curves (Fig. show very recognized change 
slope strain value near this point the end the instantan- 
eous part the consolidation process nonsaturated soil sample. 

The author’s two stress-strain curves have different shape, interpreted 
structure effects compacted “dry optimum” and “wet optimum.” 
ever the change slope seems have some correspondence with the point 
instantaneous compression obtained theoretical methods due Bishop 
and Hilf.5 

The difference slope would result from the greatest effective pressure 
suddenly mobilized for the “floculated” sample. 

This can presented effect structure displayed through the soil 
composition indices (e) and principally (S). 

effect voids ratio and degree saturation can observed 
from results the author’s Fig. the paper. represents the pore water 
pressure diagram having greatest value for sample number that presents 
the smallest e(1-S) comparision sample no. Effective stress and de- 
viator stress are greater for sample than for sample 

These are logical results for two soils soaked almost the saturation but 
molded “dry optimun” and “wet optimum.” The effects unequal struc- 
ture are still present. 

The author’s Fig. deals with two samples having different initial struc- 
tures and equal degree saturation after soaking. There 
difference between the effective stresses for the samples, however, porewater 
pressure greatest for the sample (number having the small voids ratio, 
and the deviator stress greatest for sample since follows the effective 
stress. 

However, acurate study strength compacted soils can not com- 
pleted, whether the compressibility the skelecton the soilis neglected. 
This the means establishing correlations between the external acting 
forces and the reactions (pore water and effective pressure) that the strength 
depends on. 

The writer recognizes again the merit the method suggested the authors 
the paper and the valuable information contained it. 


excellent and well-documented paper describing the structure and strength 
characteristics compacted clays. The different structures and deformation 
characteristics produced various methods laboratory compaction seem 
especially significant, and should lead modifications both current design 
practice and field density control specifications. 

The writer agrees with the authors the use the swelling characteris- 
tics compacted clay index its structure. athesis supervised 
the writer, investigated the swell pressure behavior com- 
pacted Vicksburg “buckshot” clay. the course the investigation, two “wet- 
side” samples were compacted the same water content and dry density, one 
kneading compaction and the other static compaction. The sample com- 
pacted the static method exhibited swell pressure large 


“Construction Pore Pressures Earth Dam,” Li, Proceedings, ASCE, 
Vol. 85, No. October, 
Soils Engr., Porter, Urquhart, McCreary and O’Brien, San Francisco, Calif. 


Thesis, 1958. 
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that the sample prepared kneading compaction. Thesedata are adequate- 
accounted for the authors’ hypothesis the effect compaction shear 
strains the resulting soil structure, and are withthe data 
presented Fig. 14. 

The investigation also showed that swell pressures determined constant 
volume are nota reliable indication structure for “dry-side” samples low 
density and low degree saturation. The water that the sample imbibes 
constant volume can materially change the force pattern within the sample 
without material change particle orientation. Nonetheless, this change 
the structure the clay, and the case lightly compacted sample, the 
water imbibation “dry-side” sample can lead swell pressure smaller 
than that the “wet-side” sample compacted the same dry density. 

The swelling tendency compacted clay can still used structure 
index changes structure are avoided during the measurement. This can 
done measuring the pore water tensions (or negative pore water pres- 
sures) produced compaction without any appreciable moisture transfer be- 
tween the soil sample and the measuring device. This has been done the- 
sis the The resulting curve pore water tension versus molding 
water content similar the swell pressure-molding water content curve 
presented the authors Fig. The pore water tension technique has, 
practical limitation, tensions one atmosphere (referred atmospheric 
pressure). careful de-airing and sealing techniques the writer was able 
obtain modest absolute water tensions(up 1.3 atmospheres) with sealed 
electric transducer pore water pressure device, but these tensions were un- 
stable and difficult reproduce consistently. 

The authors have concluded that soil structure has little effect the 
strength compacted clays the “as-compacted” condition when the strength 
characteristics are expressed terms effective stresses. Had the authors 
qualified this conclusion limiting samples which had been soaked 
near saturation under confining pressure, the writer would full agree- 
ment. Data Huning? compacted Venezuelan clay, obtained essen- 
tially the same testing technique that used the authors, leads the same 
conclusions. tested soaked, compacted samples silty clay 
which trace chemicals were added attempt change the soil structure. 
Although the expected changes structure were observed, all samples fitted 
the same strength envelope when plotted terms effective stresses. 

However, the process soaking changes the structure the sample from 
the initial structure the “as-compacted” state. Generally speaking, the in- 
crease water content changes the soil sample from very brittle rather 
plastic material. 

The writer has attempted todetermine the effective-stress strength parame- 
ters compacted silty clay the “as-compacted” condition measuring the 
negative pore water pressures unconfined samples during shear. The ma- 
terial tested was Vicksburg Loess (L.L. 34, P.L. minus .002 14%) 
compacted kneading compaction. The results the test series shown 
Fig. Fig. 1(a) the stress paths the samples terms effective 


“The Influence Negative Pore Water Pressures the Strength Compacted 

Effect Structure the Strength Compacted Soil,” Huning, Un- 
published Thesis, 1957. 

Effects Aggregants and Dispersants the Strength Characteristcs 
Compacted Soil,” Davison, Unpublished Thesis, 1959. 
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DISCUSSION 


Shear Stress, 


Normal Effective Stress, 


Shear Stress, 


1.0 2.0 3.0 
Effective Normal Stress, Kg/cm 


FIG, 


(3) 
10 
106 
1.0 (After Huning) 
4.0 


q 


stresses have been plotted vector curves. (All samples failed brittle 
fashion less than 2.4% strain). The dotted envelope shown this plot was 
obtained from conventional triaxial tests whichthe samples were soaked and 
back-pressured saturation. 

can seen that the two tests closest optimum agree with the soaked 
envelope while the three other tests rose well above the envelope. 

the writer’s hypothesis that the ability the samples rise above the 
failure envelope result strong attractive links between particles, present 
the initial structure the sample. shearing continues, the initial struc- 
ture broken down. the initial structure the sample plastic enough 
allow continuous deformation large strains, the effects initial structure 
are eradicated the time the ultimate strength attained and the sample 
strength may unique terms effective stress. This conclusion borne 
out the results Huning. For sake comparison vector curves from two 
his back-saturated, back-pressured unconfined tests are shown Fig. 1(c). 
For these tests the vector curves rise above the failure envelope low strains. 
shearing continues higher strains, negative pore sufficient 
magnitude aredeveloped bring the vector curve back the failure envelope. 

conclusion, there considerable evidence suggest that there maybe 
unique relation between shear strength and effective stresses under conditions 
leading plastic failure: wet-side compaction, high confining pressures, wa- 
ter content change after compaction ground-water permeation. 

The conditions under whichlong term stability most earth structures are 
investigated correspond closely with the latter case. this case, shear 
strength studies, terms effective stresses, are desirable. the other 
hand, for studies the short time stability (construction period) moderate- 
low structures with dry-side compaction, effective stress analysis offers 
more advantages than total stress analysis light existing knowledge. 
The most important problem, this case, the selection laboratory 
compaction method that closely corresponds with thefield compaction method. 


JOHN highly gratifying see the increased attention be- 
ing given the very important matter compacted soil structure. 1944, 
certain work the Corps Engineers Soils Division the Waterways Ex- 
periment Station, Vicksburg, Miss., indicated that some the phenomena ob- 
served our work with soilcompaction and the California bearing ratio(CBR) 
test could only explained terms compacted soil structure. that 
time, the more immediate problem was get soils engineers recognize 
that certain phenomena could only explained the basis differences 
soil structure rather than advance theory explain why. The group with 
which the writer worked advanced theory that time which thought gave 
logical support the contention that there was difference between the ar- 
rangement soil particles for different methods compaction and for soil 
compacted the dry side the arrangement particles com- 
pacted the wet side optimum. This argument was the 
Waterways Experiment Station technical essence, postu- 
lates arrangement water, air, and soil that more uniformly dispersed 
the wet side than the dry side and which the more the soil worked 


Engr., Chf., Bituminous and Chem. Sect., Flexible Pavement Branch Soils Div., 
Army Engr. Waterways Experiment Sta., Vicksburg, Miss. 


California Bearing Ratio Test Applied the Design Flexible Pave- 
ments for Airports,” No. 213-1, July 
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DISCUSSION 


the compaction process, the more homogeneous the dispersion. The at- 
tempt was primarily show, the CBR report, that the problem did exist 
and explanation was needed. 

Around 1948, while the writer was research associate soil mechanics 
Northwestern University with Rutledge and Osterberg, some fur- 
ther experimental evidence was obtained with regard soil structure that had 
not been previously published. believed this evidence lends further 
port Mr. Lambe’s theory “flocculated” dry-side structure and “dis- 
persed” wet-side structure, but also indicates that the concept needs 
modified expanded, particularly the theory for the wet-side structure. 

The experimental evidence referenced above presented the photo- 
graphs Figs. and These are photographs chunks silty clay soil 
that have been compacted the laboratory various compaction procedures. 
17.1%, 109.7 per ft. The silty clay soil Fig. was compacted 
under 2000 psi static load, while that Fig. was compacted kneading static 
150 psi foot pressure. The kneading static compaction referred was accom- 
plished with the Northwestern kneading and essentially the same 
kind compaction that Mr. Seed refers “kneading compaction.” The ex- 
posed faces these chunks soil were obtained breaking the soil open, 
cutting would not demonstrate the texture the exposed soil. Fig. (a) and (b) 
show the internal structure silty clay compacted the kneading method dry 
optimum and wet optimum, respectively. Fig. 1(c) and (d) show the effect 
soaking chunks dry-side and wet-side material water, respectively. 
evident from visual observation that there are marked differences between 
the soil chunks representing the dry side and the soil chunks representing the 
wet side. Note that the dry side optimum (Fig. (c)) there somewhat 
smoother texture and appearance disintegration individual grain 
basis. This seems harmony with Mr. Lambe’s flocculated arrange- 
ment concept. 

the wet side, however, there definite layered laminated texture. 
This laminated texture more evident the naked eye than these photographs 
the unsoaked specimens would indicate. However, quite evident the 
soaked chunks where the thin flakes and layers are readily seen from the dis- 
integration the soaking process. Mr. Lambe’s dispersed wet-side concept 
may essentially correct for the structure within the laminations layers, 
but some further explanation appears needed describe the over-all struc- 
ture. 

The wet side seems further characterized the formation thin 
laminations sheets within which there bond retained between the par- 
ticles that resist disintegration when immersed water, but the sheets 
laminations not retain bond each other but readily separate when im- 
mersed water. Also, important note that the wet-side specimens 
are often characterized spongy springy properties. Fig. shows the 
same thing for silty clay compacted static loading. This static loading was 
accomplished with single plunger only slightly smaller than the diameter 
the test mold. There was some plastic flow under the 2000-psi load, however, 
evidenced soil squeezing out around the plunger. 


“Laboratory Kneading Soil Simulate Field Compaction,” McRae, and 
Rutledge, Proceedings Annual Meeting the Highway Research 1952. 
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DISCUSSION 


The Corps Engineers now has, matter practical necessity, 
subgrade and base course soils into the following three classes 
with respect behavior the CBR test 


Cohesionless sands and gravels (GW, GP, SW, and SP). 
Cohesive soils (GM, GC, SM, SL, ML, CL, and OL). 
Highly swelling soils (MH, CH, and OH). 


Soils group show difference CBR test properties between wet side 


Soil structure not affected 
initial water content method 
Never develops re- 
verse CBR stress-strain curve. 


Dry Side 
GROUP (GW, GP, SW, SP) 


Soil structure may affected 
initial water content and method 

compaction. May develop re- 
CBR stress-strain curve. 


Soil structure may affected 
water content and method 
—_— 
compaction. May develop re- 
verse CBR stress-strain curve. 


Dry Side Wet Side 
GROUP (ML, CL, OL) 


Soil structure may affected 
initial water content and method 
compaction. cases re- 
verse CBR stress-strain curve 
has been observed. 


GROUP (MH, CH, OH) 


FIG, 3.—COMPACTED SOIL STRUCTURE 


1110-45-302, 33, dated August, 1958. 
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DISCUSSION 


and dry side for different methods compaction. Soils group are 
liable show marked differences between wet side and dry side and for dif- 
ferent methods compaction. Soils are not extremely sensitive, 
the CBR test, molding water content the as-molded condition but 

present problem from the standpoint swell, and the water content and 
density must selected such combination minimize expansion when 
the soils take water. 

The writer believes the theoretical soil structure for wet side and dry side 

for these three soil groups could pictured Fig. picture could 
modified degree dispersion account for variations the amount 
shear strain when using various methods compaction. 

With regard comparative strengths different methods compaction, 
the author stated that doubt exceptions could found his findings with 
the silty clay used his tests. This quite true. Fig. notable 
tion which dynamically compacted and soaked (clay sand) CBR specimens 
show higher CBR values the lower water contents with rapid reduction 
CBR the water content increases. This directly opposite the trend 
shown statically compacted specimens. 

conclusion, attention called the fact that somewhat parallel situa- 
tion with regard structure exists compacted bituminous mixtures. This 
has been brought light Messrs. Monismith and Vallerga.15 
would then appear desirable attempt extend the structure theory eventu- 
ally apply granular plastic materials, general. 


Monismith and Vallerga, Proceedings the Assn. Asphalt Paving Technol- 
ogists, Vol. 25, February, 1956. 


“Relationship Between Density and Stability Asphaltic Paving Mixtures,” 
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DESIGN UNDERSEEPAGE CONTROL 
MEASURES FOR DAMS AND 


Discussion Karl Evans 


mended and complete analysis the present status underseep- 
age control measures. 

The writer wishes question the statement “Seepage control measures are 
considered necessary where observed estimated values may ex- 
pected equal exceed (approximately 0.75 zt) flood stages.” Later 
the authors state “Seepage berms should have width and thickness such that 
through the top stratum and berm the landside toe thelevee will not ex- 
ceed 0.5 and the berm toe will not exceed 0.75 0.80.” From this, 
surmised that the authors are recommending the use critical gradient 
through the blanket material and are recommending factor safety ap- 
proximately 1.5 the landside toe the levee. 

Exploration data along the Missouri River northeast Atchison, Kansas 
made available the writer indicates that the critical gradient for material 
normally classified fat clay may vary from 0.85 0.61; medium clay, 
0.85 0.54; silty clay, 0.83 0.75; and silt, 0.95 0.79. These materials 
were encountered from depth from the surface and within 
length about miles. These results were obtained from total soil 
samples. This information put forward illustrate that the use aver- 
age gradient 0.75 may, some instances, considerably error depend- 
ing the composition the top stratum. 

question also arises the use critical gradient indication 
need for pressure relief. The derivation the expression for critical 
soil particles, and the void ratio the soil) available most Soil 
Mechanics textbooks. This expression for critical gradient can obtained 
setting the intergrannular effective pressure) between soil grains 
equal zero. Thus, reasoned that, since the intergrannular pressure 
zero, there will frictional resistance the movement the soil grains 
and they can carried upward the flow water. appears that clay 
silty soil the cohesive strength would give added resistance movement 
and that the use gradient criterion would conservative 
assumption. However, this may not true. 

The writer the opinion that the safety, with respect uplift, should 
investigated. The uplift safety factor may defined the ratio the satu- 
rated weight the the hydrostatic pressure the base the blan- 
ket. Fig. illustrates the relationship between the critical gradient safety 
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factor and the uplift safety factor, assuming the soil 
illustrate the use this chart, let assume critical gradient 0.75 and 
actual gradient 0.5. The factor safety, with respect gradient, then 
1.5. Entering the chart with gradient though the blanket 0.5 and 
reading vertically upward critical gradient 0.75, itis the ratio 
gradient safety factor uplift safety factor 1.25. Thus, the uplift safety 
factor 1.20. can also shown Fig. that the gradient safety factor 
greater than 1.0, the uplift safety factor also greater than 1.0, and the up- 
lift safety always less than the gradient safety factor. should cautioned 
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FIG. 1D.—COMPARISON SAFETY FACTORS 


that this true only the soil blanket completely saturated. the degree 
saturation less than 100%, possible have gradient safety factor 
greater than 1.0 and uplift safety factor less than 1.0. 

Preliminary laboratory tests indicate that extremely difficult obtain 
100% saturation clay silt The experiments also indicate that 
there frequently tendency for the blanket lift off the foundation sand. 
When this occurs the bottom the blanket will slough off and the blanket will 
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get progressively thinner until longer capable resisting the uplift 
pressure. experiments which the blankets were prevented from rising, 
the pressure necessary cause failure was greater than that computed from 
the critical gradient criterion, indicating that the soil blanket would have been 
lifted before the critical gradient pressure could have been reached. 

The writer the opinion that the factor safety with respect uplift 
more logical approach than the use the critical gradient which was de- 
rived for sandy type soil (essentially, non-cohesive soil). 
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COMPACTION SANDS AND BEARING CAPACITY 


Yoshichika Nishida, Low 


(1960), the writer abehavior patternfor group test piles sand, 
which sheds some additional light the subject excellently treated the 
paper. 

The following data represents the results several hundred tests: 


The rupture load any one pile group considerably above that car- 
ried single pile. 


The center distance between pile axes plays cardinal role the 
rupture-load attained; the limit effectiveness seems quite beyond 
that prescribed Mr. Meyerhof. Tests went far diam apart and 
had not, far, reached the limit. 


For equal penetration the piles the groups carry times higher per 
pile load than single pile, the range depending the variable tested— 
each value being corroborated several tests. This brusque dis- 
agreement with the experimental values referred the author. This 
difference can explained the heterogeneity the soil used the ex- 
periments which included among others substantial clay layer. is, also, 
noted that the center center distances used those experiments 
are and times the diameters which have been established the writer 
most inefficient distances for pile groups. 


should also noted that applying the full rupture load single test 
pile each pile group, brought about group settlements varying be- 
tween 1/2 1/50 that the single pile. 


Piles tested were 25mm, 1-meter-long, solid steel piles, dynami- 
cally driven predetermined depth and then statically loaded tons 
per group. The number piles group varied from Tests prep- 
aration are the 100 ton range penetrometric piles, thus separating 
point bearing from friction load values. Tests were performed dry Seine 
River sand. 


CHARLES Meyerhof has concluded that the bearing capacity 
piles driven into cohesionless soils when calculatedfrom static formulas— 
very often erroneous because the influence compaction and prestressing 
the soil pile driving is, generally, ignored. the writer’s experiments, 


Ingéieur Stagiaire, Service Sol Foundation, C.E.B.T.P., 12, rue Brancion, Paris 
15, France. 
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executed the University Civil Engineering and Architecture, Budapest, 
has also been found that both factors, extrusion the soil mass equal the 
volume the pile, and vibration, produced driving itself, are bringing about 
considerable compaction effect the neighborhood the pile leading turn 
considerable increase the soil resistance properties and, consequently, 
increase the bearing-capacity the pile. 

Based experiments, the writer has set upa new pile-bearing formu- 
la, which this effect is, approximately, taken into account, and where the 
other defect static formulas—namely the direct addition the two bearing 
components (mantle friction and tip resistance) irrespective their correla- 
tion and influence each other,—is also eliminated. 

may assume that the limit condition equilibrium, Rankine’s ratio 
valid between the vertical stresses set below the toe, qy, and the lateral 


stresses, acting upon the shaft-mantle the pile. Thus, the general formu- 
la: 


may written for cylindrical pile 


which the ultimate unit base resistance, the unit normal stress 
mantle surface, the radius and the length pile, and denotes the average 
unit shaft friction factor. 

pile-tip level, was assumed that and with parabolic law 

After substitution get 


this equation the value increased the effected compaction. This 
compaction produced partly vibration and partly the volume the 
driven pile shaft which extruded equivalent soil-mass its surroundings. 
The degree compaction biggest the pile shaft surface and decreas- 
ing withthe distancefrom it. may assumed that the decrease void con- 
tent An, may measure this compaction and this also decreasing with 
the distance. The percentage decrease, Ang, void content will obtained, 
when the volume driven pile shaft related tothe surrounding 
eter cylinder influenced compression. The bigger the zone influence the 
less this average decrease void content will be. 
This may written 


which the radius influence-cylinder and the radius pile shaft, 
the original percentual void content and Ang refers tothe average change 
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void content soil. This indicates concave parabolic ratio and repre- 
sents, also, the fall stress intensity. The degree compaction function 
normal stresses decreasing, however, according Prof. Meyerhof’s ex- 
periments, very moderately from the peak pressure the shaft and following 
logarithmic rule. Therefore, seems justified assume that the ac- 
tual change void content will decrease linearly with the distance from the 
pile shaft. This means that its peak value the pile shaft may 
taken the double the average value Ang. Several tests have shown that 


FIG, 


within practical limits the increase the inner friction value cohesion- 
less soil also linear function the decrease void content; sand 
the writer’s calculations, possible obtain the value very 
easily from Eq. assume practical value for between and 
depending upon the original density the cohesionless soil. Considering that 
mantle-friction will dependent upon and Anmax Ang, get 
that the increase the angle inner friction the shaft surface will 


respectively, and may write 
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for sands and 


for sandy gravels, which representing very simple improved static pile- 
bearing formula, where compaction effect and the relative influence both 


factors—tip-resistance and mantle friction—on each other are approximately 
taken into account. 


the impression formed most engineers dealing with piled foundations; that 
driving piles into cohesionless soils must compact the soil and henceincrease 
the bearing capacity the soil. puts forward the proposition that, for 
driven piles, the bearing capacity approximately doubled and for displace- 
ment piles the Franki pile type, the bearing capacity increased approxi- 
mately sixfold. However, the results given the author indicate that the zone 
which the bearing capacity is, thus, increased can limited lateral 
distance one diameter and horizontal distance one and half diameters 
below the piles. The fall off effect such that, even with the displacement 
pile, the bearing capacity only doubled within zone limited distance 
twice the diameter the bulb, from the bulb. 

primary importance the extent which one can make practical use 
the author’s findings the design piled foundations. Simplifying the prob- 
lem for the moment the case 18-in-diam. displacement piles tons 
capacity, driven spacing which will effectively double the measured bear- 
ing capacity the soil within the limits given above, there appear two 
alternative approaches. Firstly, one could determine the depth which the 
soil would safely support loading per pile tons, assume that driving the 
piles will double the bearing capacity and design the basis 120 tons per 
pile. This approach impractical, since the piles themselves will not 
capable supporting 120 tons per pile. The alternative would determine 
that depth which the soil will safely support tons per pile, assume that 
driving the piles will double the bearing capacity and design the 
basis tons per pile. this case, however, would appear that this solu- 
tion will ruled out the grounds adverse settlement. 

While true that the preceding oversimplification the problem, 
itdoes point thedifficulties involved attempting adapt the author’s theories 
practical design purposes. many piling problems, one faced with 
great depth loose cohesionless soil which would most advantageous 
able use shallower founding depth higher bearing capacity than 
that indicated penetration tests. effect, the author rules such solution 
out the grounds that, although closely spaced piles could compact the 
soil make the group capacity much the sum the base resistance 
equivalent block footing and the skin friction the block, weight 
soil enclosed, this increased bearing capacity cannot utilized due set- 
tlement considerations. The writer the opinion however, that might 
more advantageous pursue the effect skinfriction incom- 
paction and, hence, the distribution loading through the pile group the soil 
below. can shown that the effect driving the piles into cohesionless 
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soil not only increase the bearing capacity the neighborhood the 
base the pile, but also increase the skin friction that large por- 
tion the total loading removed from the base and carried compacted 
upper zones, then the settlement problem might brought down acceptable 
limits. The writer would very much appreciate the author’s views the de- 
sign possibilities inherent this approach. 

South Africa, the most popular method testing piled foundations 
the use the static cone penetrometer. Judging from the values given the 


INITIAL PENETRATION. 


+ FINAL CONE PENETRATION 


FIG, 


author for the cone penetrometer resistances two his examples, local 
soils appear much looser State than those investigated. Fig. shows 
group Franki displacement piles in. diam each, driven refusal 
and Table gives the results the cone penetration test carried out the 
positions shown. Examination the results the initial penetration tests 
shows that depth, the values obtained are generally less than the values 
100 ton per (700 1400 psi) quoted the author and, consequent- 
ly, found that the ratio final initial resistance greater than that 
found the author. While this tends confirm the author’s statement that 
the increase relative density muchgreater for loose for denser 
sands, also apparent that this must have marked affect the ratio 
final initial penetration resistances. Fig. shows the results the initial 
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penetration resistances and the ratio final initial penetration resistances 
distance from pile, and the middle the group four piles. 
The soil profile consists approximately hydraulically placed sea 
sand, overlying the original sea bed sands. Marked differences the pattern 
results are found from those reported the Author. First and foremost, 
the initial penetration results would indicate design depth founding 
local practice. The piles however, were driven required set depth 
ft. This would tend give some confirmation the theories the author, 


TABLE 1.—RESULTS CONE PENETRATION TESTS 


After Driving Piles. 


Depth Middle feet from Pile feet from Pile 
Results 


in in 


in in in 

pounds pounds pounds 

per per per 

square square square 

inch inch inch 
2.24 2800 1.65 2.00 
10.5 5.10 1800 3.26 3.64 
4.80 1500 3.00 3.00 
13.5 7.38 4.61 3.70 
2.73 2500 2.28 2.18 
2.46 1300 2.00 2.46 
19.5 2.90 2200 2.40 1.84 
3.40 3000 3.00 1.20 
22.5 3.67 2600 4.33 3.17 
4.67 2900 4.83 3.33 
25.5 3.75 4.75 3.25 
5.71 1000 2.85 1.71 
28.5 3.67 600 1.00 1.67 
4.00 1400 3.50 3.25 
31.5 7.50 2400 6.00 2.50 
48.00 8000 64.00 6.40 
34.5 3.55 8.90 
8.00 8.00 
37.5 3.43 1.43 
1.71 2.29 
40.5 1.60 2.60 
1.00 1.00 


that can assumed that the lower between 36-ft and 42-ft depths 
were sufficiently compacted give the required bearing capacity. However, 
the penetration resistances, after driving, indicate that close fttoa 
pile and within the pile group, this increase resistance not apparent and 
the patern limit compaction must differ radically from that which the 
author’s theories indicate. However, the zone covered depths 
ft, ratios increase resistance equal greater than those ex- 
pected are found. this zone high compaction appears greater than 


would theoretically expected, the writer would appreciate the author’s com- 
ments. 
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DEPTH IN FEET. 


MIDOLE OF Gaovr 


FINAL RESISTANCE POINT RESISTANCE (L8s/sa. INS) 
ene, INITIAL RESISTANCE 


FIG, 2.—DEEP SOUNDING RESULTS. 


Considering now the results for the final resistance from pile, 
could expected that the ratio increase would the order 1.8. Itis 
noted that this ratio generally obtained down about but consider- 
ably exceeded between and ft. will alsobe noted that ratio 
generally similar, the initial resistances are the same order those 
reported the author, and only when low initial resistances, indicative 
very loose sands, are found that the ratios are much higher. The impres- 
sion gained, therefcre, that the driving the piles tend toward achieving 
uniform compaction, rather than uniform increase compaction, almost 
the displaced grains sands were taking the path least resistance. The 
Author’s views this aspect would also appreciated. 


this paper the author has shown interest- 
ing method estimating the bearing loading piles, group piles, and cais- 
sons cohesionless soil. Furthermore, Mr. Meyerhof considered compac- 
tion the soil driving the piles and has computed the settlement pile 
foundation cohesionless soil. 

practice, however, often difficult pass the line between cohesive 
and cohesionless soils far pile driving and compaction are concerned. 
This especially true the moist, silty, fine sand soils. Likewise, physi- 
cal and elastic properties soils often varie within shortdistances. Also, the 
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amount soil compaction group pile foundation varies the wide limits 
with the method and order driving the outer piles. 

shall noted, however, that the method pile foundation study developed 
Mr. Meyerhof for cohesionless soils may used limiting base for 
study the pile bearing loading the cohesive soils. Therefore, the author 
deserves high credit for his valuable contribution. 


YOSHICHIKA NISHIDA.°—The author has presented fine contribution 
the study pile foundations. Although the author used the “peak pressure” 
for estimating the degree compaction, seems better adopt the 
compaction energy itself, since the dry density soils, Japan, found 
linear the logarithm the compaction energy. 

The writer would like learn how derive the author’s The author 
presents new term “compaction index” which must useful the treatment 
sand compaction. The writer would like recalculation adopting the 
index” instead the compression index his analyses the 
mechanism sand compaction pile which made use the compres- 
sion index. However, the writer finds some difficulties practical measure- 
ments the compaction index, thoughit has the author 
The writer cannot find reasonable relationship between Eq. and and 
particularly between Eqs. and May understand that due some 
analogous type relationship? May he, also, understand that Eq. obtain- 
able only putting the relative density instead the void ratio Eq. 
would like know how measure practice the void ratio loosest and 
densest state packing. 

Does the coefficient earth pressure Eq. mean the passive one the 
one rest? 

order give the relativedensity the material the particular point 
the author makes use only the major principal stress, but the writer thinks 
that the density corresponding the void ratio should dependent upon 
the sum three principal stresses the point and not only upon the major 
one. particularly noted the elastic zone. the writer’s computations 
the compaction zone around pile shaft, after solving the equilibrium equa- 
tions stress under some boundary conditions, some interesting data was 
evolved. Since was done while ignoring the influence compaction the 
internal friction angle the author’s comments the process iteration 
the value Eq. should applied the writer’s analyses make 
more complete. 

The major principal stress ratio near the pile shaft seems too great, 
even becomes 35° from its original value 30°, although the rapid increase 
towards the shaft can reasonable. The writer thinks that Eq. quite 
reasonable for the plastic zone near the pile base but must applied under 
some corrections for the soil around the pile shaft. the boundary between 
two zones plastic and elastic around the pile base the pressure obtained 
Eq. should equal that obtained from Eq. 11. soin Fig. 

The author’s opinion, that the limits compacted soil zone are points 
where the major principal stress ratio equal 3for based the 
earth pressure theory the two dimensional problems. information has 
been given the three dimensional earth pressure that applied for the pile 
problems. The author states that the compacted zone along the shaft has 
overall width about times the shaft diameter and the the 
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the zone soil compaction given Eq. 13. The writer agrees with the 
estimate “about times” itself, but does not understand how derive 
Eq. 13. the soil around the pile shaft compacted outward, horizontally, 
the writer can show the stresses the soil, under the condition that the ver- 

the plastic zone soil failure near around the pile shaft: 


sin 


the elastic zone outside the above plastic zone: 


which oy, are the radial and tangential normal stresses, respectively, 
the radius the compacted soil zone, the radial distance from the pile 
axis, and the depth from the ground surface. These four equations fulfill 
the condition strict equilibrium. The can obtained from 


sin 


sin 
1+2K 
(5) 


which the pile radius. 

The radial stress increases rapidly shaft and maximum atr 
shown The maximum stress horizontal does not exceed the pas- 
sive earth pressure near the ground surface. Then, 
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similar solution for the pile base yet unknown and being computed 
the writer’s. The author’s comments, that the depth the compacted zone 
around the pile base times the pile diameter, very useful the 
writer’s study that was previously mentioned. Fig. the limits the com- 
pacted soil zone are determined the major principal stress ratio being 
and done being one. The difference between the two methods 
should explained. 

The writer presents one his experiments Fig. where the penetra- 
tion resistance around driven pile was compared for the sand the original 
The penetrations were done, the center piles the same di- 
mensions, smooth steel bar (weight 432 grams, diameter mm; 
length 130 cm) driven the shock due the free fall the 150 
gram weight. The observations indicate the limits the compacted zone, 
found the change the penetration resistance times the shaft 
diameter, where piles made more remarkable than one pile. 


FIG, 2.—MOHR’S CIRCLE 


The author says that the 60% 100% increase bearing capacity ofa driven 
pile due increase internal friction angle due the soil compaction. 
The writer agrees principle with this comment and must particularly 
the pile base. According his study, the skin friction can increase 
greatly due the outward prestressing the soil driven pile even under 
the constant internal friction angle, the same the original value, easily 
seen putting Eq. The base resistance should considered the 
three dimensional problems, and the internal friction angle must, fact, 
different from itself. 

one its solution the writer shows the Mohr’s circle, three dimen- 
sions, principal stresses. (See Fig. The minimum principal stress acts 
normal the vertical plane, and, accordingly the plastic zone, can analysed 
instead the soil failure occurs under the condition 
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When this theory applied, the theoretical point resistance would 25% 
greater instead 60%for driven pile the loose sand 30°) with in- 
crease internal friction the pile base. The compaction driving pile 
has more influence the soil around the pile shaft than the soil below the pile 
base, according the writer’s experience. can show example calcu- 
lations. The group piles, closely spaced—less than about times the pile 
diameter—behave one block foundation. The author’s comments, based 
the model test, that for the loose sands the bearing capacity driven piles 
nearly twice that buried piles, agrees closely withthe results 
computations. 

Some analyses have been done concerning the results loading tests 
driven piles. the practical point view can considered that the skin 
friction piles linear distribution with the depth, but must noted 
that the skin friction does not distribute linear the depth according 
measurements experiments the fields. Accordingly, the earth pres- 
sure coefficient can not easily available the lateral surface the pile 
the strict meaning, except the case where used the average value 
through the full length the pile. The writer has already made some com- 
ments concerning this 

The author’s idea, that the angle internal friction can deduced from 
the analysis the energy per blow required for driving pile and for install- 
ing the cassion for expanding the base, has merit. The writer would like 
develop this idea his study, with the author’s advice, because has mea- 
sured the stress the pile base while driving model pile into sands. 
wishes know how obtain Eqs. and 26, since also interested the 
settlement pile foundations. 


LOW.7—Mr. Meyerhof has presented most comprehensive and in- 
teresting paper which has shown that the factors safety and loadings 
commonly used are within the atheoretical analysis group 
settlement. 

The experimental results model impact compaction tests are interest 
the writer, similar full-scale compaction has been used the Durban, 
South Africa area consolidate site underlain loose saturated silty sand, 
which large oil storage tanks have since been erected. 10,000 concrete 
block was repeatedly dropped from height approximately ft, and the ef- 
fect was gaged carrying out static cone penetration tests before and after 
compaction. typical pair results soundings carried out the same 
soil showed appreciable increase penetration resistance. Where the 
original cone resistance was the order tons per (150 psi) 
more, increase two three times was apparent, but where the initial 
resistance was very low, ratios final initial resistance between and 
were found. 

the estuarine bay area Durban soils generally exhibit considerably 
lower penetration resistances than those quoted the author for loose sand. 
fact, not uncommon find zones fine sands such low strength 
that pressure recorded the hydraulic cylinder the penetrometer 
when the cone advanced. As, however, the cone does not sink under the 
weight the operating rods, could assumed that this weight fact rep- 
resents the penetration resistance the soil Such soils also 
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showed very high ratios final initial penetration resistance when tests 
were carried out before and after pile driving. 

Table shows the results static cone penetration tests site under- 
lain saturated fine sands, carried out before piling was started, and the 
center several groups four shell piles. These piles could, for the pur- 
pose the present comparison, taken correspond precast driven piles. 
The positions the soundings and pile layout are shown Fig. The dis- 
tance from the initial the final test, the direction which indicated 


TABLE 


Depth Feet Initial Cone Final Cone Resistance Ratio 
Resistance, psi after Impact Com- 
paction, psi 
1.5 200 110 0.5 
3.0 400 425 1.1 
4.5 150 500 3.3 
6.0 150 300 2.0 
7.5 250 31.0 
9.0 500 50.0 
10.5 150 500 3.3 
12.0 150 250 
13.5 250 18.0 
15.0 150 350 2.3 
16.5 250 350 1.4 
18.0 250 400 1.6 
19.5 250 350 1.4 
21.0 250 350 1.4 


Final Test Final Test 


Group 
FIG, 1.—CONE PENETRATION TESTS-DRIVEN PILES 
the arrow, for group and group The lengths the piles 
are ft, ft, ft, 12.5 ft, ft, 13.5 and for piles through 
respectively. 

The ratios final initial cone resistance measured this site are again 
higher than those measured the author, reaching values 189 190 some 
cases. This would seem confirm the author’s findings regarding the para- 
bolic relationship between penetration resistance and relative density sands. 
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distance 1.75 from the pile shafts, and the level the pile tip, 
ratios 2.7 14.1 were found, the final value being, large extent, de- 
pendent the original penetration resistance the soil. this investigation 
distance some separated the final and initial tests, some 
natural variation test results could expected, which might account for 
some the variation resistance ratios. 

Recently, however, through the courtesy Frankipile South Africa (Pty.) 
Ltd., the writer has been able analyse series tests carried out site 
the central Durban area. This site underlain saturated silty sand, with 
depth. cone penetration tests were carried out initially, and after the 
placing groups 18-in.-diam Franki displacement caissons, further tests 


TABLE 


Group (a) Group (b) 
Initial Re- Final Re- Initial Re- Final Re- |Ratio Final/ 

Depth psi sistance, Initial Re- 
Feet sistance 

1.5 

3.0 290 280 0.7 

4.5 680 470 0.6 

6.0 1320 370 0.8 

7.5 1650 450 0.8 

9.0 2000 670 3.0 
10.5 2060 1000 2.0 
12.0 2000 2.6 1000 3.0 
13.5 2000 10.5 2840 4.3 
15.0 2060 5.5 2700 
16.5 2460 6.5 2050 
18.0 2670 4.7 1500 1.5 
19.5 2670 1040 1.0 
21.0 2080 95, 1320 1.2 
22.5 1750 18.4 1500 0.5 
24.0 1170 1.5 1500 0.6 
25.5 1750 1.5 2820 0.9 
27.0 2260 1.4 2620 
28.5 2540 1.3 2840 1.9 
30.0 3000 1.0 2860 1.0 


were made within distance two the original tests. The 
relative position the tests shown Fig. and the results the tests 
Tables and 

The initial cone penetration resistances the sands ranged from tons 
per over 300 tons per (500 4500 psi), and the soil was charac- 
terized alternate shallow layers dense and loose sand. The penetration 
results indicated that sufficiently high cone resistance was consistently found 
were formed 38ft onthe assumption that the energy put into forming 
the base would adequately compact the underling weaker soil. 

This assumption was confirmed subsequent penetration tests atdistances 
and from the shaft. The ratio final initial penetration 
resistance the weaker zones varied from just above base level 3.7 
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level 1-diameter below the base, while the more dense zones ratios 
were found close the base level. the areas above the base and along- 
side the shaft, the ratios were somewhat less than would expected from the 
author’s figures. For instance, the initial test No. and subsequent test 
No. 2A, only apart, that are shown graphically Fig. the ratios along- 
side the shaft were often less than whereas figure could ex- 
pected. Both these tests were carried some below the compacted zones, 
were the tests the site where impact compaction was used. inter- 
esting note that the natural variation soil strength over distance 


Initial Test 


Finel Tests 


Test 


Foundins 


FIG, 2.—CONE PENETRATION TESTS-FRANKI CAISSONS 


less gave ratios final initial penetration resistance varying from 0.6 
2.5, though the expected ratio the undisturbed soil was generally 
found. 

Considering the results thetests both piled sites, the increasein pene- 
tration resistance was found extend depth not exceeding diameters 
below the base, whereas, from the author’s figures, increase could ex- 


Franki caisson. 
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view these variations between results obtained very loose South 
African soil and those quoted the author for American and Canadian soils, 
would interest tohave the author’s comments whether considered 
that this variation was due largely differing initial relative densities 


TABLE NOS, AND 2A. NEAR FRANKI CAISSONS 


from Shaft 1/2D from Shaft 


Depth Feet Initial Resistance, Final Resistance, Ratio 
psi psi Final/Initial 


tw 
@ 


SS SP 


Tests were continued ft. 


the difference the use static and dynamic penetration tests. The writer’s 
experience comparing the pattern static and dynamic cone penetration 
tests was that the dynamic test tended give smoother curve, with level- 
ling out both the very high and very low points found static tests. This 


turn would give less variation the ratios final initial penetration re- 
sistance. 


430 1570 
350 1810 
180 1460 

780 435 

850 1050 

1375 1910 

1450 1130 
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The author’s curves for settlements pile groups are valuable extension 
the previous work Skempton, Yassin and Gibson. However, the practical 
and economical use these curves essentially dependent adequate load 
tests individual piles. South Africa, when load testing has been carried 


TABLE 4.—TESTS AND NEAR FRANKI CAISSONS 


Shaft 
Feet 
4.3 3.5 
3.2 4.2 
0.05 0.3 
1.0 1.0 
0.1 0.7 
0.1 0.1 
2.1 0.1 
2.5 0.7 
5.6 2.8 
2.1 1.4 
1.6 1.3 
1.4 1.0 
1.4 0.7 
0.7 
2.2 1.0 
2.3 1.3 
2.6 1.8 
1.6 1.0 
0.9 0.3 
0.7 0.3 
0.07 1.2 
1.2 2.4 
0.8 5.8 
1.9 1.9 
1.0 1.4 
1.8 1.6 
2.5 1.8 
3.2 2.1 
2.5 1.2 
3.1 
1.3 
5.0 
3.7 
1.3 
1.3 
out has usually been limited for reasons cost loads 150% 200% 
the design load the pile. under such loads are usually too small 
use the author’s method extrapolation determine the ultimate load and, 
hence, the actual factor safety the group. 


Ag 
from 1/2D from Shaft from Shaft 
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REVIEW AND EVALUATION SOIL-CEMENT PAVEMENTS4 


Discussion Miles Catton, Maclean and Clare 


MILES CATTON,! ASCE.—The authors have presented thorough re- 
view the literature pertaining the properties soil-cement and the critical 
examination and analysis airfield performance data. The paper adds mate- 
rially the knowledge this construction 

The inherent simplicity construction isdemonstrated the performance 
record the United States airfield projects reviewed. These projects were 
built inexperienced crews under time limit pressure. They are included 
atotal over22,000,000 yds soil-cement airport paving built during 1941- 
1945, under wartime emergency conditions.2 One Navy airfield project totaled 
1,685,665 yds. Also, military installations included substantial yardages 
soil-cement roads and streets. Many unusual construction records were made.3 
This work has record good-to-excellent performance. 

The discussion includes uses “cement modified soil.” Early road pro- 
jects built the highway departments Kansas4 and defined and 
demonstrated some thefactors governing soil-cement mixtures this cate- 
gory. Knowledge these factors possessed the United States Corps En- 
gineers, Dept. the Army was used them solve critical staging area 
problem encountered Omaha Beach during the Normandy (France) 

Another area discussion includes valuable information some the 
physico-chemical factors involved soil-cement technology. The earliest 
pioneering investigation these factors was undertaken Winterkorn, 
the University Also, the pioneering work the North Caro- 
lina State Highway Commission correlating pedology and soil-cement was 
outstanding contribution soil-cement 


December, 1959, James Mitchell and Dean Freitag. 

Asst. Vice Pres. for Research and Development, Portland Cement Assn., Skokie, 

«Summaries Soil-Cement Construction, SC-104,” Portland Cement Assn., Chicago, 

“Some Wartime Soil-Cement Experiences,” Miles Catton, Proceedings, 24th 
Annual Meeting, Highway Research Bd., Vol. 24, 1944. 

“Laboratory Investigations Soil-Cement Mixtures for Subgrade Treatment 
Kansas,” Miles Catton, Proceedings, 17th Annual Meeting, Part II, Highway Re- 
search Bd., 1937. 

“Concrete Pavement Subgrade Design, Construction, Control,” Reid, Pro- 
ceedings, 19th Annual Meeting, Highway Research 1939. 

“Obstables Unawares,” Col. Leland Kuhre, E., Military Engineer, May, 
June, 

“Surface Chemical Factors Importance the Hardening Soils Means 
Portland Cement,” Winterkorn, Gibbs, and Fohrman, Proceedings, 
22nd Annual Meeting, Highway Research Bd., 1942. 

“Sampling, Soil Classification and Cement Requirement,” Hicks, Proceed- 
ings, 14th Annual Meeting, Highway Research Bd., 1939. 
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The discussion mix design (cement content) includes reference the 
American Society Testing Materials (ASTM) soil-cement test procedures 
and criteria governing cement requirements for paving mixtures. Mention 
was made two criteria basic importance; moisture content any time 
during test shall not exceed total voids time compaction, and volume 
change during test shall not greater than 2%. Years experience with 
soils occurring the United States has demonstrated that these two criteria 
seldom govern and, hence, not receive particular emphasis the present 
time. However, occasional soil does possess extremely high volume change 
characteristics that accompany moisture changes. The two criteria are in- 
timate part the involved and interrelated reactions soil and cement. 

The aforementioned criteria, well the others developed for use with 
the ASTM soil-cement wet-dry and freeze-thaw tests, are based inherently 
some the physico-chemical properties soil and the chemical properties 
cement. While the literature sometimes refers the tests durability 
tests, they not represent simulate any particular climate outdoor ex- 
simulate particular climate outdoor exposure inthe labor- 
atory would and construction most complicated and expen- 
sive electronic control devices). Instead, they are designed determine the 
quantities cement required hold the compacted mass soil-cement to- 
gether produce structural The wet-dry test simulates condi- 
tions evaluate some the inherent shrinkage properties fine grain soils. 
The freeze-thaw test simulates conditions that allow evaluation some 
the expansive properties fine grain soils. The maximum temperature the 
wet-dry test below that which will produce physical changes the soil. 
While the wet-dry test also evaluates some the expansive forces present, 
not sufficient unto itself because the higher temperatures are not present 
construction. They may accelerate cement hydration and induce physico- 
chemical changes inthe mixture which will not occur installations. 
the other hand, these higher temperatures are not encountered (purposely) 
the freeze-thaw test. summarize—as basic considerations the wet-dry and 
freeze-thaw tests were designed: 


simulate the tensile and compressive forces generated internally 
compacted soil-cement result moisture changes; and 

evaluate apractical way the influence of; the chemistry cement, 
the surface chemistry soils, and the physico-chemical properties 
soils soil and cement reactions. 


pointed out the authors, compressive strength criteria does 
not necessarily determine minimum cement paving work. However, 
once soil has been identified and cement requirements have beendetermined 
the wet-dry test and the freeze-thaw test and their accompanying criteria 
(or procedures based correlations with the wet-dry and freeze-thaw 
tests), the compressive strength that suitable, compacted mixture may 
used minimum criteria for similar soils. 

The structural design requirements for soil-cement paving are ably reviewed 
and discussed the authors. Two design variables, thickness and compres- 
sive and flexural increasing are particu- 
larly important. 

The following comments onthe minimum cement content required 
meet the mixture design criteria used conjunction with the soil-cement 


“Early Soil-Cement Research and Development,” Miles Catton, Proceedings, 
ASCE, Vol. 85, No. January, 1959. 
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wet-dry and freeze-thaw tests. One the most valuable mechanical proper- 
ties soil-cement considered soil-cement pavement design its 
modulus elasticity. general, and comparison with concrete, this modu- 
lus low. This low value major importance since major deflections may 
take place under loading without rupture the soil-cement. These large de- 
flections result increases the area soil-cement and the area sub- 
grade support utilized carrying the imposed load. the judgment the 
writer, based extensive experience the Bates Test Road and 
observations soil-cementduring construction, and, later, projects ser- 
vice, that the relatively low modulus elasticity prevailing soil-cement 
permits relatively high deflections without rupture) the predomi- 
nant mechanical property contributing its high load carrying capacity. 

further consideration structural design soil-cement paving, 6-in. 
depth compacted soil-cement, with the minimum cement content specified 
previously, will used “bench mark.” The vehicle load carrying capa- 
city this unit will governed the mechanical properties the soil- 
cement and the underlying subgrade. Two procedures may followed 
combined increase load carrying capacity. Cement contents the mixture 
may increased produce greater mechanical strength(giving due recogni- 
tion modulus elasticity) and thedepth paving may increased. Wheth- 
these two design variables are used independently various combina- 
tions, the basic objective increase the area load distribution the 
subgrade that the maximum transmitted pressure any point does not 
rupture (fail) the subgrade. 

The rate strength gain soil-cement paving influenced construction 
temperatures cited. general, expected, the strength gain 
similar concrete. However, concrete paving design, certain governing 
strength selected, based normal construction season conditions. When 
low strengths prevail, resulting from low temperatures and slow cement hy- 
dration, permissible traffic the pavement governed the prevailing 
strength the concrete. similar approach and criteria would appear ten- 
able for soil-cement paving. other words, specify cement contents for soil- 
cement the basis normal construction temperatures. addition, exper- 
ience has repeatedly demonstrated (particularly during the emergency 
construction period 1941-1945) that the loads imposed compaction equip- 
ment exceed subsequent loads. This compaction equipment must carried 
without rupture the subgrade paving else adequate compaction not 
attained. Thus, the paving strong enough for all but exceptionally heavy 
wheel loads soon compacted and before cement hydration proceeds. 

cement hydration proceeds, the load carrying capacity the paving 
increased materially. This increased strength utilized later, should the 
subgrade weakened increases moisture content. The writer super- 
vised construction road projects built during late fall, cool freezing 
weather, with traffic imposed upon completion, and structural failures were 
not induced. There are records many similar experiences. 


have produced comprehensive review the design and performance soil 
cement pavements. this review number references are made re- 
search work carried out the Road Research Laboratory Great Britain, 


Head, Soil Sect., Road Research Lab., Great Britain. 
Tropical Sect., Road Research Lab., Great Britain. 
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and may interest comment some these references with view 
expanding clarifying the information given the authors. 

Great Britain, the presence organic matter the surface layers 
soils that proves the greatest hindrance the use soil-cement, 
particularly where construction the mix-in-place method contemplated. 
Our laboritory’s investigations have shown that the principal advantage the 
pedological classification soil profiles enable afairly reliable estimate 
made the depth which soil occurs sufficiently free from organic 
matter suitable for stabilization with Portland cement. There are only 
five types profile that have considered this connection Great 
Britain. They are (1) the calcareous, (2) the high base status brown earth pro- 
files, for which difficulty arises from the presence organic matter right 
the surface the ground, (3) gley profiles, for which soils are suitable 
for stabilization with ordinary Portland cement below depth in., (4) the 
low base status brown earths, and (5) the pdozol profiles, for which soils are 
suitable for stabilization depths exceeding from 

analysis the relation, for organic soils taken from these profiles, be- 
tween their suitability for stabilization and their confirmed that, for condi- 
tions Great Britain, alkaline soils are more suitable for stabilization than 
acidic soils. Whereas practically all the alkaline soils reacted favorably with 
Portland cement, acidic soils with organic content greater than un- 
suitable and those with organic content less were sometimes suitable 
and sometimes unsuitable. 

The acidity soils Great Britain usually arises from the presence 
humic acids due the organic matter. tropical countries, where acidic 
conditions not result from the presence organic matter the soils, 
difficulty found stabilizing acidic soils with Portland cement. This 
possibly due the free iron present, that would expected combine with 
the humic acids and inactivate them. 

detailed investigation has recently been made the value calcium 
chloride for increasing the hardening obtained when organic soils are treated 
with Portland cement. This showed that calcium chloride was ineffective with 
soils containing highly active organic matter and was only effective what 
have termed transition zone that occurs soil profiles between upper 
zone that contains highly active organic matter and lower zone that rela- 
tively free from organic matter. 

While the higher early strength obtained with some cement-stabilized soils 
using small proportion sodium sulphate additive with the 
Portland cement are undoubted interest, one feels that long-term durability 
tests are required establish beyond doubt the value this treatment. 

There necessity research todetermine the conditions under 
which soils with expanding-lattice-type minerals can successfully stabilized 
with Portland cement. The results limited tests that have been made the 
Road Research Laboratory indicate that with such soils the soil-cement mix- 
ture should compacted and cured moisture content sufficiently high 
prevent the hardened material swelling under the prevailing moisture condi- 
tions the pavement. Even so, more knowledge required the behaviour 
such materials under fluctuating moisture conditions before they can 
considered for use practice. 

With regard the effect temperature the strength soil-cement, 
recent investigation the Road Research Laboratory has shown that the in- 
crease strength per degree rise temperature greater high than 
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low ambient temperatures for stabilized cohesive little affected 
the ambient temperature for stabilized granular soils. This difference at- 
tributed acceleration for cohesive soils pozzolanic action between 
clay particles and lime released the hydrolysis the Portland cement. 

are sorry the authors have been misinformed about the basis 
for determining cement contents Great Britain. 1939, the Road Research 
Laboratory correlated the results compressive strength tests soil-cement 
cubes with their ability satisfy the requirements the American wet-dry 
and freeze-thaw tests. This work showed that soil-cement with minimum 
cube strength 250 psi, days, generally, satisfied the requirements the 
American tests. From 1945 onwards, the laboratory determined cement con- 
tents required stabilize soils adequately the basis compressive 
strength, obtained cylindrical specimens prepared the laboratory, 250 
psi days. 

considerable mileage roads was constructed with soil- 
cement bases conforming this requirement, and these roads, which were 
usually surfaced with double surface-dressing, have generally given satis- 
factory service. With the comparatively inefficient mix-in-place form con- 
struction used the period 1945-1950, field strengths the order only 60% 
the laboratory strengths were obtained, and this means that soil-cement 
bases with afield strength only about 150 psi were 
lightly-trafficked roads. 

Experiments have been carried out the Road Research Laboratory as- 
sess the performance soil-cement basesfor roads with heavy traffic. These 
have shown that their would expected, the thick- 
ness and stiffness the surfacing material, but for the two-course surfacings 
in. thick, appears that field compressive strength the order 300 
350 psi days required give satisfactory performance. 

soil-cement pavements have been reported occur hot 
weather. Van der has reported that this effect occurred sections 
soil-cement roads Holland where the compressive strength the soil-cement 
was higher than average, while Barrie and reported “blow-ups” 
soil-cement runway Great Britain when the average compressive 
strength the soil-cement was 680 psi days. There evidence from 
experience soil-cement Great Britain support the view that overall 
economy likely result from the use high-strength soil-cement. 

The authors rightly refer the importance uniformity mixing, and for 
this reason investigations have been made Great Britain the distribution 
cement soil-cement roads and airfields constructed the mix-in-place 
process. one investigation, segregation cement vertical direction 
was shown cause Mixing cement into damp rather than 
dry soil may help prevent the segregation. Thick soil-cement pavements 
built two layers the mix-in-place process have sometimes contained 
weak layer the bottom the upper layer due inadequate depth 


«Construction Soil-Cement Roads and Road Bases Holland,” F.A. Van der 
Sluis, Journal the Inst. Highway Engrs., Vol. No. 1958, pp. 79-112. 
Cottington, Proceedings, Inst. Civ. Engrs., Vol. 1957, pp. 577-594. 
“Some Problems Mixing Granular Materials Used Road Construction,” 
Clare, R.H.H. Kirkham, and Barnes, Pub. Wks. and Munic. Services Congress 
and Exhibition, 1954, Final Report, London, 1955, pp. 46-77. 
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mixing. two-layer work the Villiaze airport Guernsey, the weak 
layer has been avoided using plant-mixed soil-cement the upper layer.15 

Most the construction described the authors located the com- 
parative mild climate conditions the British Isles, and the southern section 
the United States. During the 1939-45 war, the German armed forces used 
soil-cement more than 130 airfields Europe. number these were lo- 
cated the Soviet Union Europe where severe winter freezing con- 
ditions occur. One these inspected eight years later was fair conditions. 
Following their war-time success with the material, the Germans continue 
use soil-cement housing estate roads and autobahn construction. Experi- 
ments the Royal Swedish Air Force have shown that soil-cement withstands 
Scandinavian climatic conditions,17 although both there and Germany the 
cement contents employed are the order 15% 20%, weight, which 
higher than British United States practice. hotter climates, soil- 
cement was successfully used several airfields inSouthern Rhodesia during 
the war, Kai Tak airfield Hong Ndola airfield Northern Rhodesia, 
and main roads Ghana Kenya, Nigeria and Uganda. Properly 
executed appears have quite satisfactory durability under tropical condi- 
tions, and with the lateritic and quartzitic gravels normally used making 


road bases, cement contents the order have been found satis- 
factory. 


«New Runway Construction Deal with Increasing Air Traffic, Anon, Concrete 
Quarterly, No. 43, October- December, 1959, pp. 32-4. 

“Soil Stabilization Germany,” Clare and Foulkes, Engineering, 
1954, 178 (4622), 268-73. 

“Svenska erfarenheter cementstabilisering,” Orbom, Vag-och vattenbyg- 
garen, Stockholm, 1956, (1), pp. 12-14. 

“The Incorporation the Design and Constructionof Pave- 
ments Hong Kong,” Henry and Grace, Proceedings the 2nd Internatl. 
Soil Mech. Conf., Rotterdam, Vol. 1948, 190. 

Stabilized Roads Brunei, Borneo,” Myles, Dept. Sci- 
entific and Research, Road Research Overseas Bulletin No. Harmonds- 
worth, 1957, (Road Research Lab). 
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PILE CONSTRUCTION 


Discussion Sexton, Per Hall and Murphy 


Pihlainen’s paper offers timely summary recent 
experience the erection permanent structures permafrost the Ca- 
nadian North. The construction new town for ultimate population 
2,500 Inuvik the Mackenzie River delta, which Mr. Pihlainen refers, 
has given rise confidence and proficiency dealing with permafrost 
that augers well for the development the north country. this case all the 
public and private buildings the serviced area the town are elevated above 
and rest the tops piles frozen securely into the permafrost. Moreover, 
all the conduits for the water, sewage and central heating utilities are carried 
network utilidors which are also supported piles well above ground. 
The town site with its utilities has now been operation for over year, with 
very few cases foundation movement. Where such movement has occurred 
can traced infraction the rules for piles permafrost which Mr. 
Pihlainen describes. 

Unlike piledriven normal soil, pilefrozen into designed 
resist both upward and downward forces. The adfreezing strengthdeveloped 
over the area contact between pile and permanently frozen material 
sufficient, not only resist the vertical loading the structure but, also, 
act anchorage against the tendency heave that occurs each year with 
the re-freezing the active layer onthe surface. general rule, Inuvik, 
the piles werefrozen intothe adistance not less than times 
the maximum depth the activelayer. rule was observed heav- 
ing has occurred. For some the more important structures been hoped 
that the piles could drilled and frozen with their butt end downward, but 
difficulty drilling through gravel lenses and the need for speed meeting 
the construction program restricted this type piling the bases for the main 
fuel oil tanks the power station. Elsewhere all piles were steamed and 
placed tip down. 

Wherever there was aheavy concentration piles some anxiety was felt lest 

the use steam should result excessive melting the permafrost, and in- 
deed there was one case which subsequent test excavations showed some 
caverns melted material have formed. This situation was corrected 
the course year insulating and refrigerating the ground surface topre- 
vent entrance heat from the atmosphere while the thawed patches slowly 
lost their heat the adjacent permafrost and refroze. The average perma- 
frost temperature over the piling depth about 26°F. believed that this 
method refreezing the thawed patches flow heat from the latter ina 
more less horizontal direction was itself precaution against heaving 
since the latter said occur the direction heat flow. 


Chf. Civ. Engr., Montreal Engrg. Co., Ltd., Montreal, Canada. 
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mended for presenting comprehensive paper dealing with the many con- 
siderations involved the design and construction pile foundations per- 
mafrost. With the increased development the northern areas the world, 
imperative that our knowledge this important subject expanded. 

From construction point view, permafrost can prove excellent 
foundation material dealt with properly. can also cause considerable 
grief some its properties are overlooked. 

particular interest this paper are the graphs that illustrate how the 
tangential adfreeze strength varies greatly with permafrost temperature and 
permafrost moisture content. Values given vary from psi 500 psi. 

Fortunately ahigh adfreeze strength not essential normal design. For 
example, psi design value for adhesion permits aloading approximately 
1/2 tons per linear embedment permafrost for in-dia pile. 

Where laboratory tests pile loading tests are carried out determine 
design value for the tangential adfreeze strength, the “creep” plastic flow 
characteristics permafrost must not overlooked. Given Table are 
the results tests for creep shear made frozen-in rods, Vialov and 
Skibitzky.4 The table shows how the load required produce failure decreases 
with the time application the load. the many uncertainties involved 
establishing safe tangential adfreeze strength, some authorities recommend 


TABLE 1.—CREEP SHEAR 


Ult. load percentage 
ultimate 
instantaneous load 


uo 


Time before 
failure 


140 766 failure 
min. hrs. hrs. hrs. hrs. hrs. years 


particular importance complete soil-boring program with undis- 
turbed diamond drill cores taken. lieu the usual wash water, kerosene, 
other suitable coolant used during below freezing weather. During sum- 
mer months compressed air often used instead wash water. 

The author has demonstrated that where local timber available, round 
timber piles driven into pockets thawed ground, which subsequently re- 
freezes, can very often provide excellent solution foundation problem. 
Certainly cost-in-place $30.00 for 20-ft spruce pile very attractive. 

Such piles are sometimes driven with the butt down help prevent the pile 
from floating up. This has the disadvantage restricting the carrying ca- 
pacity the bearing value the pile tip. shown the author’s Fig. 
better solution drive the pile with the butt and wedge the top the 
pile necessary. 

According the author, the only disadvantages found with piles placed 
the steam jetting method that times piles could not driven their full 
depth due boulders and also that the boulders sometimes deflected the piles 
out position few feet. 


Pres., Foundatidns Canada Engr. Corp. Ltd., Montreal, Canada. 
Structural Engr., Foundations Canada Engrg. Corp. Ltd., Montreal, Canada. 
4th Internatl. Conf. Soil Mechanics. 
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the case heavily loaded important structures, this could aconsider- 
able disadvantage. For structures this type Frobisher, Northwest Terri- 
tory, Canada, where the permafrost consisted sand, silt and gravel, 
certain that all piles would their correct location and their required 
depth, was decided use square timbers drilled holes. Churn drilling 
the holes was called for where heavy gravel boulders made difficult 
impossible auger. With this arrangement there also considerable flexi- 
bility that the cross-sectional area the piles canbe varied suit loading 
conditions. Due the uniformity the pile cross section, the size the 
drilled holes can kept minimum. this particular case, the piles were 
in. with penetration and with maximum design load 
tons. The piles were backfilled with medium sand which was compacted 
and saturated. 

shown Fig. the paper, medium sand with grains approximately 
diameter has the greatest adfreeze strength. Consequently, such sand 
very desirable fill material around the piles within permafrost. Pile 
placing was carried out during the winter 1958-59. Piles were usually 
clusters piles and were capped with concrete during the milder 
weather. 

Approximately 75% the holes were drilled with power auger and the re- 
mainder partly churn drill. the beginning operations, the rate pro- 
gress with the auger was approximately hole per hour. After mos. 
average hole per was achieved. Churn drilling was used when 
boulders made progress with the auger impossible very slow. The churn 
drill achieved approximately 3-1/2 hole per hr. Drilling time with either 
machine excludes time for moving and setting up. times during drilling 
operations, there was considerable damage the auger’s carbide inserts. 


ADDITIONAL READING REFERENCES 
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LINEARLY VARIABLE LOAD DISTRIBUTION RECTANGULAR 


AMBRASEYS,! ASCE.—Formulas and graphs have been developed 
Mr. Stamatopoulos facilitate the computation vertical stresses and 
surface displacements under rectangular flexible foundation caused 
linearly varying surface load distribution. 

The writer would like put forward solution which hasderived for the 
problem investigated part the author’s paper, but for all stresses 


point below the unloaded corner the rectangular foundation. These 
stresses are given 


Imperial College Science and Technology, Univ. London, London, En- 


which the author’s Eq. 
gland. 
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FIG, 1.—VARIATION NORMAL STRESS 


FIG, 2.—VARIATION STRESS INVARIENT 
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FIG, EQUAL RATIOS FOR STRIP WITH 
LINEARLY DISTRIBUTED PRESSURE 


The writerhas also prepared graphs for the variation normal stress, oz, 
with depth under the unloaded corner the foundation (Fig. and also for the 
variation the stress invarient 


under the same point (Fig. 2). 

For infinitely long strip Figs. 3(a) and 3(b) show curves equal 
ratio between shear stress Txz, and maximum unit load strip 
with linearly distributed pressure. 

The writer wishes comment the author his interesting paper. 
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DYNAMIC TESTING 


senting survey dynamic testing pavements the Netherlands. Their 
paper constitutes example type nondestructive testing that has been 
used successfully the United States early 1938, when first presented2 
the writer. 
indeed gratifying note that many results and conclusions the au- 
thors coincide rather closely with findings american investigators applying 
+4 
c 
6 — — Upper Stratum 
—— Lower Stratum 
HARMONIC COMPONENTS 
—— Theoretical! 
© Experimental 
(b) SYNTHETIC CURVE 
—— Theoretical 
© Experimenta! 
(c) VELOCITY GRADIENTS 
10 20 30 40 50 60 70 80 90 100 110 
Distance, d, ft 
4 


FIG, 1.—DISTANCE VERSUS TIME AND DISPLACEMENT 
GRAPHS, STRATIFIED SOIL. 


February, 1960, Heukelom and Foster. 


Prof., Soil Dynamics Labs., Rutgers, the State Univ. New Jersey, New Bruns- 
wick, 


“Highway Investigations Means Induced Vibrations,” Engrg. Experiment Sta. 
Series Bulletin No. 49, Vol. XXXIII, The Pennsylvania State College, 1939. 
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similar techniques produce vibratory forces and measuring their effect 
the pavement and the soil. 

Critical studies including vibratory-force-producing machines along these 
lines have been presented Converse. 

the authors paper, Fig. particular interest. indicates the 
straight line relationship wave length versus distance graph (exciter fre- 
quency cps) with characteristic breaking points between the two velocity 
gradients 474 fps (144 per sec) and 826 fps (252 per sec). These two 
velocities are almost identical with 420 fps and 840 fps Fig. shows 
breaking point distance from the exciter operating cps.4 

Velocity gradients have been used the discusser determine strata 
depths, harmonic components and decay coefficients. 

Finally, the lower range for the dynamic moduli elasticity, starting from 
approximately 12,000 psi, Fig. similarto the value 12,200 psi previous- 


comprehensive publications Soil Dynamics can 
found elsewhere. 


authors are congratulated the large amount 
work that they have done treating pavement design dynamic rather 
than static problem. 

The conclusion, however, that might drawn from the paper that some 
substantiation provided for treating pavement design static problem. 
The authors state “the dynamic E-modulus velocity measurements 
homogeneous soil tallies with the result plate bearing tests.” The writer 
interprets this the dynamic modulus deformation the 
the static modulus. also stated that “for equals the traffic stiffness 
must equal the elastic stiffness Consequently, the stresses and 
the strains can calculated only from the elastic stiffness and the use 
conventional theories elastic constructions, which not account for mass 
and damping, allowed.” Although not definitely stated that the phase 
angle could expected zero for all traffic loadings, the writer inter- 
statement mean that the deformation the subgrade under traffic 
loads can more accurately appraised static testing than the dynamic 
testing described this paper. Hence the two dynamic factors that are con- 
sidered this should noted that there are others)—the varia- 
tion strain with time rate application stress—and the inertia effects 
subgrade with mass—are claimed insignificant. Consequently, the con- 
clusion, “One the main advantages this nondestructive method 
correspondence with the dynamic character moving traffic.” does not seem 
follow. 

The writer may misunderstanding the authors’ comments and would there- 
fore grateful the following questions could answered: 


view the increased amount evidence being gathered that time 
important parameter the stress-strain relations many structural ma- 


“Compaction Sand Resonant Frequency,” Symposium Dynamic Testing 
Soils, ASTM, Special Tech. Publication, No. 156, 1953, pp. 124-137. 

ASTM Special Technical Publication No. 206, pp. 102, 1957 
and Study Soil Wave Propagation,” Highway Research Board Proceedings, Vol. 37, 
1958, pp. 

“Symposium Dynamic Testing Soils,” ASTM, Special Tech. Publication, No. 
156, 1953, pp. 254-261. 


Engr., Coates, Ltd., Cons. Engrs., Ottawa Ont., Canada. 
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terials have the authors data which indicates, particularly the high strain 
rates involved pavements, that this not the case for pavements and sub- 
grades? 

the authors consider that the vibration testing pavements provides 
“close correspondence with the dynamic character moving traffic” con- 
sidering the difference inthe cases vibrating system and aimpact system. 
The steady state response measured the one case whereas the transient 
response short period impact would interest the other case. 

the statement that the traffic stiffness equal the elastic stiffness 
true, would this not mean that the vibrating system does not give “good 
correspondence” the impact 


5 
. 
a, 
| 
ae 
4 


3 
Nj 
P ; 
iy 
ne 
of 
7 
We 
a 


ERRATA 


Journal the Soil Mechanics and Foundations Division 


Proceedings the American Society Civil Engineers 


February, 1960 


4 
4 
‘ 
Cory 


ve 
: 
We 
a — 
Bia 
¥ 
am 
aa 

\ 


PROCEEDINGS PAPERS 


The technical papers published in the past year are identified by number below. Technical-division 
sponsorship is indicated by an abbreviation at the end of each Paper Number, the symbols referring to: Air 
Transport (AT), City Planning (CP), Construction (CO), Engineering Mechanics (EM), Highway (HW), Hy- 
draulics (HY), Irrigation and Drainage (IR), Pipeline (PL), Power (PO), Sanitary Engineering (SA), Soil 
Mechanics and Foundations (SM), Structura) (ST), Surveying and Mapping (SU), and Waterways and Harbors 
(WW), divisions. Papers sponsored by the Department of Conditions of Practice are identified by the sym- 
bols (PP). For titles and order coupons, refer to the appropriate issue of “Civil Engineering.” Beginning 
with Volume 82 (January 1956) papers were published in Journals of the various Technical Divisions. To 
locate papers in the Journals, the symbols after the paper number are followed by a numeral designating 
the issue of a particular Journal in which the paper appeared. For example, Paper 2270 is identified as 
2270(ST9) which indicates that the paper is contained in the ninth issue of the Journal of the Structural 
Division during 1959. 


VOLUME (1959) 


JUNE: 2048(CP1), 2049(CP1), 2050(CP1), 2053(CP1), 2054(CP1), 2055(CP1), 2056 
(HY6), 2057(HY6), 2058(HY6), 2059(IR2), 2061(PO3), 2062(SM3), 2063(SM3), 2064(SM3), 2065 
(ST6), 2066(WW2), 2067(WW2), 2068(WW2), 2069(WW2), 2070(WW2), 2071(WW2), 2072(CP1)°, 


JULY: 2081(HY7), 2083(HY7), 2086(SA4), 2087 
(SA4), 2088(SA4), 2089(SA4), 2090(SA4), 2091(EM3), 2093(EM3), 2094(EM3), 2096 
2105(AT3), 2106(AT3), 2108(AT3), 2109(AT3), 2111(AT3), 
2114(AT3), 2115(AT3), 2116(AT3), 2118(AT3), 
2123(AT3), 


AUGUST: 2126(HY8), 2127(HY8), 2128(HY8), 2129(HY8), 2130(PO4), 2131(PO4), 2132(PO4), 2133(PO4),2134 


2149(HY9), 2150(HY9), 2151(IR3), 2153(IR3), 2158 
2159(IR3), 2160(IR3), 2161(SA5), 2162(SA5), 2163(ST7), 2164(ST7), 2165(SU1), 
2185(PP2)°, 2186(ST7)°, 2187(PP2), 2188(PP2). 


OCTOBER: 2190(AT4), 2191(AT4), 2192(AT4), 2194(EM4), 2195(EM4), 2196(EM4), 
2197(EM4), 2198(EM4), 2199(EM4), 2200(HY10), 2202(HY10), 2203(PL3), 2205 
(SM5), 2215(SM5), 2220(EM4), 2221(ST8), 2223 

NOVEMBER: 2242(HY11), 2243(HY11), 2244(HY11), 2245(HY11), 2246(SA6), 2247(SA6), 2248 
(SA6), 2249(SA6), 2251(SA6), 2252(SA6), 2253(SA6), 2255(SA6), 2256(ST9), 2257(ST9), 
2259(ST9), 2260(HY11), 2262(ST9), 2264(ST9), 2265(HY11), 2266(SA6), 
2267(SA6), 2268(SA6), 

DECEMBER: 2272(CP2), 2273(HW4), 2274(HW4), 2275(HW4), 2276(HW4), 2277(HW4), 2278 
(HW4), 2279(HW4), 2280(HW4), 2281(IR4), 2286(PO6), 2287 
2288(PO6), 2292(SM6), 2293(SM6), 2295(SM6), 2296 
2305(ST10), 2307(CP2), 2308(ST10), 2310(HY12), 2312(PO6), 
2314(ST10), 2315(HY12), 2316(HY12), 2317(HY12), 2318(WW4), 2319(SM6), 2321(ST10), 2322 


VOLUME 86 (1960) 


JANUARY: 2331(EM1), 2332(EM1), 2333(EM1), 2334(EM1), 2335(HY1), 2336(HY1), 2337(EM1), 2338(EM1), 
2339(HY1), 2340(HY1), 2342(EM1), 2344(ST1), 2345(ST1), 2346(ST1), 2347(ST1), 


FEBRUARY: 2355(COl), 2356(CO1), 2357(CO1), 2358(CO1), 2359(CO1), 2360(CO1), 2361(PO1), 2362(HY2), 
2363(ST2), 2364(HY2), 2365(SU1). 2366(HY2), 2367(SU1). 2368(SM1), 2369(HY2), 2370(SU1), 2371(HY2), 
2372(PO1), 2373(SM1), 2374(HY2), 2375(PO1), 2376(HY2), 2377(CO1)°, 2378(SU1), 2379(SU1), 2380(SU1), 
2381(HY2)©. 2382(ST2). 2383(SU1), 2384(ST2), 2385(SU1)°, 2386(SU1), 2387(SU1), 2388(SU1), 2389(SM1), 
2390(ST2)°, 2391(SM1)°, 2392(PO1)°. 

MARCH: 2393(IR1), 2394(IR1), 2395(IR1), 2396(IR1), 2397(IR1), 2398(IR1), 2399(IR1), 2400(IR1), 2401(IR1), 
2402(IR1), 2403(IR1), 2404(IR1), 2405(1R1), 2406(1R1), 2407(SA2), 2408(SA2), 2409(HY3). 2410(ST3), 2411 
(SA2), 2412(HW1), 2413(WW1), 2414(WW1), 2415(HY3), 2416(HW1), 2417(HW3), 2418(HW1)°, 2419/WW1)°, 
2420(WW1), 2421(WW1), 2422(WW1), 2423(WW1), 2424(SA2), 2425(SA2)°, 2426(HY3)©, 2427(ST3)° 

APRIL: 2428(ST4), 2429(HY4), 2430(PO2), 2431(SM2), 2432(PO02), 2433(ST4), 2434(EM2), 2435(PO2), 2436 
(ST4), 2437(ST4), 2438(HY4), 2439(EM2), 2440(EM2), 2441(ST4), 2442(SM2), 2443(HY4), 2444(ST4), 2445 
(EM2), 2446(ST4), 2447(EM2), 2448(SM2), 2449(HY4), 2450(ST4), 2451(HY4), 2452(HY4), 2453(EM2), 2454 
(EM2), 2455(EM2)°. 2456(HY4)¢, 2457(PO2)¢, 2458(ST4)°, 2459(SM2)¢. 

MAY: 2460(AT1), 2461(ST5). 2462(AT1), 2463(AT1), 2464(CP1), 2465(CP1). 2466(AT1), 2467(AT1), 2468(SA3)., 
2469(HY5). 2470(ST5). 2471(SA3), 2472(SA3), 2473(ST5), 2474(SA3), 2475(ST5). 2476(SA3), 2477(STS), 2478 
(HY5), 2479(SA3), 2480(ST5). 2481(SA3), 2482(CO2). 2483(CO2), 2484(HY5), 2485(HYS), 2486(AT1)C, 2487 
(CP1)©, 2488(CO2)¢, 2489(HY5)©, 2490(SA3)©. 2491(ST5)°, 2492(CP1), 2493(CO2). 

JUNE: 2494(IR2), 2495(IR2), 2496(ST6), 2497(EM3), 2498(EM3), 2499(EM3), 2500(EM3), 2501(SM3), 2502 
(EM3), 2503( P03), 2504(WW2), 2505(EM3), 2506(HY6), 2507(WW2), 2508(PO3), 2509(ST6), 2510(EM3), 2511 
(EM3), 2512(ST6), 2513(HW2), 2514(HY6), 2515( PO3) , 2516(EM3). 2517(WW2), 2518(WW2), 2519(EM3), 2520 
(PO3), 2521(HY6), 2522(SM3), 2523(ST6), 2524(HY6), 2525(HY6), 2526(HY6), 2527(IR2), 2528(ST6), 2529 
(HW2), 2530(1R2), 2531(HY6), 2532(EM3)°, 2533(HW2)°. 2534(WW2), 2535(HY6), 2536(1R2)C, 2537(PO3)¢, 
2538(SM3)°, 2539(ST6)©, 2540(WWa2)c. 

c. Discussion of several papers, grouped by divisions. 
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DIVISION ACTIVITIES 
SOIL MECHANICS AND FOUNDATIONS DIVISION 


Proceedings the American Society Civil Engineers 


NEWS 


June, 1960 


NEWS FROM THE WEST COAST 


The trials and tribulations dam design and construction have captured the 
imagination and interest California where population growth has intensified 
the water supply problem and where multi-billion dollar bond issue confronts 
the voters this fall. Over the past few months the technical meetings have re- 
flected this increased interest dams and related matters. The failure the 
Malpasset Dam France has been discussed both engineers and engineer- 
ing geologists who visited the site and studied the results the failure. 
January 19, Barry Cooke the Pacific Gas and Electric Company described 
his engineer’s point view joint meeting the Hydraulics and Power 
Divisions the San Francisco Section, then followed March with talk 
the Structural Engineers Association Northern California, between 
these dates, Dr. Nickell presented geologist’s view the California 
Association Engineering Geologists, new organization with sections Los 
Angeles, San Francisco and Sacramento. Dr. Nickell also commented and 
showed colored slides the diversion tunnel gate chamber failure the 
Bhakra Dam, India. 

During April and May the University California Berkeley has presented 
special series lectures the Practical Aspects Earth Dam Design 
and Construction” which were given Dr. Sherard Woodward, Clyde, 
Sherard and Associates. Engineers the Bay Area had been invited attend. 

The University has also presented series two lectures Professor 
Geuze the Delft Technological University: 


Monday, April The Effect Time the Shearing Strength Clay” 
Tuesday, April Analysis and Design Pile Foundations the 
Netherlands” 

Again the University kindly extended invitation engineers the Day 
Area attend. 

Los Angeles, joint meeting the local Soil Mechanics and Founda- 
tions Division and the California Association Engineering Geologists, Travis 
Smith the Materials and Research Department, California Division High- 
ways, spoke Landslides and Horizontal Drains.” Use these means 
combating landslides has become very popular the area. 


Note.—No. 1960-21 part the copyrighted Journal the Soil Mechanics Division, 
Proceedings the American Society Civil Engineers, Vol. 86, No. June, 1960. 


Copyright 1960 the American Society Civil Engineers. 
1960-21--1 
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meeting March the Air Transport Division the San 
Francisco Section, Ben Nutter, Chief Engineer for the Port Oakland, spoke 
the present expansion the Oakland (California) Airport which involved 
reclamation tidal flat land from San Francisco Bay for new 10,000 foot jet 
runway and the first increment new passenger terminal building. 


SOIL MECHANICS WORKSHOP 
SOIL CLASSIFICATION AND COMPACTION 


one-day Soil Mechanics Workshop Soil Classification and Compaction 
was conducted the University Cincinnati February 12, 1960. was co- 
sponsored the Soil Mechanics and Foundations Division, Cincinnati Section 
and the Department Civil Engineering, University Cincinnati. 


The Program included the following: 


Geological Origin Local Soils 

Subsurface Explorations 

Soil Classification Tests 

Soil Classification Systems 

The Unified Soil Classification System 
Preparation and Use Boring Logs 

Basic Moisture Density Relationships Remoulded Soils 
Methods Specifying Soil Compaction 
Compacted Earth Fill Construction 

Evaluation Base Course and Fill Construction 
Special Problems Fill Construction 


The Workshop Program was arranged for design and construction engineers 
who had had formal training Soil Mechanics, and was designed promote 
better understanding some limited applications. was well attended and 
generally well received the 130 registrants. About who answered ques- 
tionnaires after the Workshop indicated desire for further presentation 
information Soils this means. The next topic preferred was Foundation 


Design. Tentative plans are being made hold such Workshop the Fall 
1960. 


INDIAN SYMPOSIUM FOUNDATION ENGINEERING 


symposium foundation engineering sponsored the Indian Institute 
Science will held Bangalore, India during November this year. The 
exact dates for the symposium have not yet been established, but papers are 
being solicited the sponsoring group. Papers any the aspects 
foundation engineering may submitted. broad classification the pro- 
posed symposium given below: 


Exploration and Field Investigations 
Theory and Design Foundations 
Pile Foundations 

Foundations Other Than Piles 
Foundations Other Than Piles 
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Soil Mechanics Division 1960-21--3 


Foundation Treatment 
Machine Foundations 
Miscellaneous 
Short synopses proposed papers should submitted May 31, 1960. 
Papers are submitted September 30, 1960. All correspondence re- 
lative papers additional information concerning the symposium should 
sent directly to: 


Mr. Nagaraj 

Civil and Hydraulic Engineering Section 
Department Power Engineering 
Indian Institute Science 

Bangalore 12, India 


ARRANGEMENTS FOR CONVENTION PROGRAMS 


The technical program sessions for the Soil Mechanics and Foundations 
Division the three national conventions the Society 1960 are being ar- 
ranged under the supervision Leps, Vice Chairman the Executive 
Committee. encourage effective local contributions and participation, 
has been the practice this year appoint Local Chairman for program ar- 
rangements. For the New Orleans Convention which was successfully ex- 
ecuted, Mr. Bres Eustis the firm Eustis Engineering Company, was 
Local Chairman. For the Reno Convention June, Mr. Root the 
California Division Highways Local Chairman, and Messrs. Johnson 
and Bennett have been active its planning. For the Boston Convention 
October, Dr. Harl Aldrich the firm Haley and Aldrich, Local 
Chairman. has arranged locally for the help committee composed 
Arthur Casagrande, Swiger, Lambe and James Haley. Their 
joint efforts promise outstanding program which planned given 
four half-day sessions. 

The efforts and thinking these people, dedicated the design improved 
programs for the dissemination engineering knowledge, are greatly appre- 
ciated and represent excellent opportunity for individual members con- 
tribute most productive manner the advancement our Society. 

Mr. Barron the Executive Committee will charge the Di- 
vision’s program planning for 1961 conventions. Offers assistance ar- 
ranging the programs Phoenix and New York may addressed him. 


VISITING LECTURER FROM DELFT TECHNOLOGICAL UNIVERSITY 


Professor Ir. Geuze, c.i., made his first visit the United 
States between February and April 27, 1960. presented series 
lectures Rensselaer Polytechnic Institute, presented paper entitled “The 
Effect Time the Shearing Strength Clays,” the New Orleans Con- 
vention the A.S.C.E., and visited various universities and soil mechanics 
laboratories throughout the United States. 

addition being Visiting Professor Soil Mechanics Rensselaer 
Polytechnic Institute, Profess Geuze’s official titles are Professor Civil 
Engineering, Delft Technological University, Delft, The Netherlands, and 
Director the Delft Soil Mechanics Laboratory, Hydraulic Engineering 
Laboratory Foundation, Delft, The Netherlands. 
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summary Professor Geuze’s itinerary follows: 


Rensselaer Polytechnic Institute 


March New Orleans A.S.C.E. Convention 
March Waterways Experiment Station 
March Purdue University 
March Office Naval Research 
March Harvard, Boston Society C.E. 
March April Northwestern University 
April University California, Berkeley, 
Army Engr. Div. Laboratory, Sausalito 
April Princeton University 
April Columbia University 
April Rensselaer Polytechnic Institute 


Four topics which Professor Geuze spoke are: 


“Analysis and Design Pile Foundations the Netherlands” 
“Ground Water Control the Netherlands” 
“The Effect Time the Shearing Strength Clay” 
“Physio-Chemistry Soil Important Asset the Understanding 
Their Mechanical Properties” 
These talks formed the basis for many interesting seminars held conjunc- 
tion with Professor Geuze’s visit our country. 


OFFICIAL REGISTER CORRECTION 


The Official Register for 1960 contains incorrect listing the members 
the Task Committee Cement Grouting Rock Foundations the 
Division’s Committee Grouting. The roster this Committee is: 


Judson Elston, Chairman 
Warren Simonds 

Seaman 

Lippold 

Sturges 

*J. Polatty 

Rose 

Clark 


MONTHLY INDEX RUSSIAN ACCESSIONS 
VOL, 12, NO. 
OSNOVANILA, FUNDAMENTY MEKHANIKA GRUNTOV 
AND SOIL MECHANICS); Issued Gosudarstvennyikomitet Soveta Ministrov 


SSSR delam stroitel’stva (State Committee the Council Ministers 
the U.S.S.R. for Construction). Moscow, no. 1959. 


Serve advisory capacity. 
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ASCE SOIL MECHANICS DIVISION 1960-21--5 


Table contents translated: 


Arkhangel’skii, S.—Over-all mechanization and automatization the 
basis technical progress building underground structures, 

Snitko, K.—Dynamic impact stresses foundations, 

Smorodinov, I.—Investigating the destruction rocks caused cutting 
instruments used underground construction, 

Dergachev, V.—Stability porous structures, 10. 

Varlashkin, M.—Relation between deformations foundation beds and 
foundations structures ground located over mines, 14. 

Bogdanov, IU. A.—Experimental construction pile foundations for apart- 
ment houses, 16. 

Kuzanov, B., Kharitonov, —Constructing bridge supports high 
pile grillage foundations, 18. 

Veselov, A.—Foundations for fuel storage tanks built perma- 
frost the Far North, 20. 

Lukomskii, I.—What pile-driving vibration hammer should be, 22. 

Gumenskii, into account organic materials fills calcu- 
lating the settlement structures, 23. 

Denisov, Trofimenkov, IU.G.— Foundation engineering Brazil, 
26. 

Information, 29. 

Book reviews and bibliography, 31. 

Boris Petrovich Popov; obituary, cover. 


AUGUST NEWSLETTER 


Deadline date for arrival this office contributions for the August News- 


letter: June 28, please. 


Bernard Gordon, Assistant Editor 
Porter, Urquhart, McCreary, and 
1140 Howard Street 

San Francisco California 


Wilbur Haas, Assistant Editor 
Michigan College Mining and Technology 
Houghton, Michigan 


Schmertmann, Assistant Editor 
College Engineering 

University Florida 

Gainesville, Florida 


Alfred Ackenheil, Editor 
University Pittsburgh 
Civil Engineering Department 
Pittsburgh 13, Pennsylvania 
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